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THE EFFECT OF ADRENALECTOMY, ADRENAL CORTICAL 
HORMONES, AND TESTOSTERONE PROPIONATE PLUS AD- 
RENAL CORTICAL EXTRACT ON THE ARGINASE ACTIVITY 
OF THE LIVER AND KIDNEY OF THE RAT* 


By CHARLES D. KOCHAKIAN anv VIRGINIA N. VAILf 


(From the Department of Physiology and Vital Economics, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, January 29, 1947) 


There are, among the steroid hormones, compounds which stimulate 
protein anabolism, the ‘““N’”’ hormones! (4, 1, 2), and protein catabolism, 
the ‘“‘S”’ hormones! (glyconeogenesis from protein in the fasting organism) 
(5, 6). It is conceivable that these two groups of hormones may play a 
rdéle in the balance of certain phases of protein metabolism in the body 
(cf. (1)). 

It has been suggested that the action of the S hormones is mediated 
through the liver arginase, which is increased in chronically treated adren- 
alectomized and hypophysectomized but not in normal rats (7). Tes- 
tosterone propionate, on the other hand, does not decrease this enzyme of 
the liver either in normal? (7) or castrated? rats and castrated mice (8), 
guinea pigs,” or hamsters.? It seemed, however, that the increase in 
protein catabolism and liver arginase induced by the adrenal cortical 
hormones could be at least partly prevented by previous treatment of 
rats with a potent N hormone, e.g. testosterone propionate. 


Method 


Adrenalectomy—White rats of the Wistar strain were adrenalectomized 
under ether anesthesia in groups of eight to twelve. 

Hormone Preparations—2.5 mg. of testosterone propionate,’ in 0.1 ml. 
of sesame oil, were injected in the morning and the evening from the day 
of operation, including the morning of the day of the autopsy. 


* This investigation was aided by grants from the Josiah Macy, Jr., Foundation 
and the Ciba Pharmaceutical Products, Inc. 

t Part of the data in this paper was taken from a thesis submitted by Virginia N. 
Vail to the Graduate School, The University of Rochester, in partial fulfilment of 
the requirements for the M.S. degree, July, 1945. 

! The terminology of Albright (1) is used, especially since there is no assurance 
that the nitrogen-retaining properties of the steroid hormones parallel their andro- 
genic activity (cf. (2, 3)). 

? Unpublished work. 

*The testosterone propionate (perandren) and desoxycorticosterone acetate 
(percorten) were provided by the Ciba Pharmaceutical Products, Inc. 
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2 ARGINASE ACTIVITY IN LIVER AND KIDNEY 


The desoxycorticosterone acetate’ was injected at 1 mg. per day from 
the day of operation. 


TABLE | 
Effect of Adrenaleclomy, Adrenal Cortical Hormones, and Testosterone Propionate 
(TP) Plus Adrenal Cortical Extract on Arginase Activity of 
Liver and Kidney of the Rat 








= No Urinary nitrogen | No. Arginase 
Treatment® oe | of during injection | of a aes aad 
3 rats period rats | iver Kidney 
m.| | Seger | Be] | mite per em. | Bez] sells tor | te 
Normal 145] 7 [192 + 14¢] +53] 7 9800 + 2060t |+86/137 + 27] +37 
Control 156) 8 |126 + 27 10 |5260 + 1140 | 100 + 22 
Water ad libitum | 144) 3 |148 + 55 | +18) 8 4860+ 625 | -S}106415 | +6 
DCA 1 mg. per | 161) 4 [141 + 33 | +12} 6 }4900 + 1930 | —7/121 + 27 | +21 
day 
ACE§8 X 0.5ml. | 157) 7 (212 + 26 | +68) 13 [5130 + 1620 | —2)124 + 30 | +24 
per hr. | | 
ACE$9 X 1.0ml. | 151) 3 |214 + 25 | +70) 11 (5460 + 1420 | +4)122 + 32 | +22 
per hr. | | 
ACE§8 X 2.0 ml. | 142) 6 [257 + 39 (+104) 6 48900 + 1020 | —7|111 + 25 | +11 
per hr. | 
TP 2 X 2.5 mg. | 158) 6 204 + 28 | +62) 11 6310 4 1270 |+4-20)197 + 40 | +97 
per day + | 
ACE$ 8 X 0.5 ; | Poa 
ml. per hr. 
TP 2 X 2.5 mg. | 168 | | 10 (3870 + S860 |—26/213 + 26 | +138 
per day + | 
ACE§ 9 X 1.0 
ml. per hr. 
TP 2 X 2.5 mg. 150| 6 200 + 66 (+130) 6 [5120 + 1060 -31230 + 37 |+130 
per day + | 
ACE§ 8 X 2.0 | 
ml. per hr | 


* All of the rats (except normals) were adrenalectomized and given 1 per cent 
sodium chloride as drinking water, except as indicated (water ad libitum) and the 
rats which received desoxycorticosterone acetate (DCA). 

+ Per cent change from adrenalectomized controls receiving 1 per cent sodium 
chloride as drinking water. 

t Standard deviation = V Sd?/(n — 1) ‘ 

§ Adrenal cortical extract (ACE) (aqueous, Upjohn) was injected at hourly in- 
tervals on the last day. 


The adrenal cortex extract (aqueous, Upjohn‘) was concentrated just 
before use in vacuo at 30—-40° to about one-half its volume in order to re- 


* Part of this material was provided by Dr. M. Kuizenga, The Upjohn Company, 
and the rest was purchased from loca! dealers. 
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move the alcohol; the volume was restored with water, except in the 2 
ml. per injection experiments, when it was made to exactly one-half of 
its original volume. The injections were given on the 5th postoperative 
day at hourly intervals for 8 hours (9), except in the case of one group 
which received nine injections (cf. Table I). 

Urinary Nitrogen—The rats were placed in metabolism cages as a rule 
3 days before the operation and were given 12 gm. of Purina fox chow 
meal and 1 per cent sodium chloride or tap water (cf. Table I) at 5 p.m. 
ach day. The urine was collected daily just before feeding. On the 
4th postoperative day no food was given; a urine collection was made on 
the following morning just before the injections of the adrenal cortical 
extract were begun, at which time the drinking tubes were removed from 
the cage (10), and a final collection was made at autopsy. The urine in 
the bladder was added to the last collection. 

The total nitrogen content of the various collections was determined 
by the micro-Kjeldahl procedure. 

Preparation of Tissue Homogenates and Enzyme Determination——\ hour 
after the last injection of the adrenal cortical extract the rats were injected 
intraperitoneally with sodium amytal at 9 mg. per 100 gm. of body weight. 
The left section of the median lobe of the liver’ and the right kidney were 
removed, weighed on a Roller-Smith torsion balance, and placed in separate 
heavy walled Pyrex tubes containing 5 ml. of cold redistilled water. The 
tissue samples were homogenized (8, 11), and enough water was added 
to give a concentration of 20 ml. of water per gm. of tissue. The liver 
homogenate was diluted further by pipetting | ml. into a 100 ml. volumetric 
flask containing 10 ml. of sodium barbital buffer,® pH 9.4, and making to 
volume with redistilled water (8). The diluted material was filtered 
through two layers of cheese-cloth to remove large particles of connective 
tissue. ‘The arginase was determined as previously described (8, 11). 


Results 


Urinary Nitrogen-—The untreated adrenalectomized rats excreted less 
nitrogen in the urine during the period of fasting than the normal rats. 
The administration of | per cent sodium chloride as drinking water or 1 
mg. per day of desoxycorticosterone acetate did not restore the nitrogen 
excretion to normal. The intensive treatment with adrenal cortical ex- 
tract, on the other hand, increased the nitrogen excretion up to and above 


* The remainder of the liver was analyzed for glycogen, which was greatly increased 
by the adrenal cortical extract (Vail and Kochakian, unpublished). 

* If the sodium barbital buffer is omitted, there is a rapid and marked decrease in 
activity (Kochakian, unpublished). This decrease can be prevented also by the 
addition of cobaltous chloride (12, 13). 








4 ARGINASE ACTIVITY IN LIVER AND KIDNEY 


normal. The previous treatment with testosterone propionate had no 
significant effect on nitrogen excretion of the rats treated with the adrenal 
cortical extract. 

Arginase—The arginase activity of the liver of the untreated adrenalec- 
tomized rats was approximately one-half that of the normal rats. None 
of the various treatments significantly alleviated the effects of the adren- 
alectomy. 

The arginase activity of the kidney also was decreased after adrenalec- 
tomy but not as greatly as that of the liver. Furthermore, both des- 
oxycorticosterone acetate and the various doses of the adrenal cortical 
extract partly, but not entirely, alleviated the effect of the removal of the 
adrenals. The administration of testosterone propionate, on the other 
hand, increased the enzyme content to slightly more than twice that present 
in the kidneys of the adrenalectomized rats. 


DISCUSSION 


The decrease in urine nitrogen excretion by the fasting adrenalectomized 
rat and the increase on treatment with adrenal cortical extract or certain 
of the Cy, co,rtical steroids are now well known (5, 6). 

The inabil'ty of previous treatment with testosterone propionate to 
reduce the marked protein-catabolic effect of the adrenal cortical extract 
indicates that there are no antagonistic or competitive effects between the 
N and the S hormones in acute experiments of the type employed in this 
study. It must be borne in mind, however, that the intensive treatment 
of the rats with the adrenal cortical extract may have “overwhelmed”’ 
the previously established protein-anabolic effect of testosterone propionate 
(2). It is possible that under milder conditions a counterbalancing ef- 
fect between these two types of protein hormones may exist. 

The decrease in liver arginase after adrenalectomy is in agreement 
with a previous (7) and a recent (14) report. The failure of desoxycortico- 
sterone acetate to affect the enzyme confirms the observation of Fraenkel- 
Conrat et al. (7). This hormone, however, effectively increases the enzyme 
when administered at a dose level of 2 mg. per day (7) and 3 mg. per day 
(14). Furthermore, the latter dose has been shown to be the most satis- 
factory for the maintenance of lactation in adrenalectomized rats (cf. 
(14)). 

Contrary to expectation (7), the adrenal cortical extract did not restore 
the liver arginase to or even toward normal. This is especially remarkable 
since the extract produced a marked increase in nitrogen excretion, accom- 
panied by marked increase in liver glycogen. Therefore, an increase in 
glyconeogenesis from protein under S hormone stimulation does not require 
an increase in liver arginase. The difference between these results and 
those of Fraenkel-Conrat et al. (7) and Folley and Greenbaum (14) is due 
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to the conditions of the respective studies. The increases noted by these 
investigators were obtained after treatment over a period of days. Fur- 
thermore, no remarkable effects were obtained in normal rats (7). Thus 
their results may be interpreted as a reflection of the partial restoration 
of the animals to a normal state, an anabolic rather than the catabolic 
effect suggested by Fraenkel-Conrat et al. (7). Indeed, 17-hydroxy-11- 
dehydrocorticosterone, a very potent S hormone, has been demonstrated 
to prolong the survival and increase the body weight of immature adrenal- 
ectomized male rats (15). 

It is of interest that, after adrenalectomy, the liver loses much of its 
arginase activity but retains its full activity to deaminize alanine and glu- 
tamic acid (16). The kidney, on the other hand, not only loses a great 
deal of its arginase activity but also its ability to deaminize glutamic acid 
(16) and alanine (17, 16). 

Both desoxycorticosterone acetate and the adrenal cortical extract were 
somewhat effective in restoring the kidney arginase toward normal, but 
the substitution of 1 per cent sodium chloride as drinking water was inef- 
fective. It seems, therefore, that the kidney arginase-restoring ability 
of the adrenal cortical hormones is not associated with their electrolyte- 
regulating property. 

The very marked increase in the kidney arginase of the rats previously 
treated with testosterone propionate is due in all probability to this com- 
pound per se, for similar increases have been noted in castrated rats in- 
jected with testosterone propionate (cf. (3)). It is noteworthy that these 
great changes are produced in such a short period of time and in the ab- 
sence of the adrenal cortex. 

SUMMARY 

Adrenalectomy decreased the fasting urinary nitrogen excretion and 
the arginase activity of the liver and kidney of young (150 + gm.) adult 
male rats. The administration of 1 per cent sodium chloride as drinking 
water was ineffective and desoxycorticosterone acetate, 1 mg. per day, had 
a slight alleviating effect on only the decrease in kidney arginase. The 
administration of adrenal cortical extract (aqueous, Upjohn) at hourly 
intervals for 8 hours on the 5th postoperative day greatly increased the 
urinary nitrogen but did not affect the liver arginase, and partly restored 
the kidney arginase. Previous treatment with testosterone propionate, 
2.5 mg. twice per day, did not alter the effects of the adrenal cortical ex- 
tract but greatly increased the kidney arginase. 
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B-GLUCURONIDASE: ITS RELATION TO THE ACTION 
OF THE ESTROGENIC HORMONES 


By WILLIAM H. FISHMAN* 


(From the Departments of Surgery and Biochemistry, University of Chicago, Chicago) 
(Received for publication, February 3, 1947) 


‘The increase in 8-glucuronidase activity in the uterus of ovariectomized 
mice which follows estrogen injection (1) indicated that this enzyme was 
involved in the synthesis of 8-glucuronides by the uterus. The increase in 
enzyme concentration which follows the administration of drugs which are 
excreted as glucuronides (2, 3) was similarly interpreted. It is important 
to note that there is a marked specificity exhibited in the site of action of 
these various agents; é.e., the estrogens increase the enzymic activity of the 
uterus without appreciable alteration of the liver enzyme, while the 
glucuronidogenic drugs increase the enzyme in the liver, kidney, and spleen 
and are without effect on the concentration of enzyme in the uterus. It 
seemed reasonable therefore to believe that 8-glucuronidase participated 
in the tissue transport or metabolism of the estrogens, and the experiments 
described in this report were designed to test this hypothesis. To this end 
mice were treated with various estrogens natural and artificial, and the 
enzyme concentration in different tissues was studied. Following estrogen 
injection, an increase in enzymic activity was found in the uterus and not in 
several other tissues. ‘The effective dose of estrogen was very small, well 
within physiological limits, so that the response obtained appears to be a 
normal tissue reaction rather than an attempt upon the part of the organism 
to deal with a foreign toxie agent by conjugation and elimination. 


Study of Enzyme in Various Tissues following Injection of 
Estrogenic Hormones 


Ovariectomized mice were injected with aqueous alcoholic solutions of 
estrone, estriol, estradiol, estriol glucuronide, and stilbestrol, as previously 
described (1). However, instead of individual organ determination, assay 
of the enzyme was performed on a homogenate of pooled organs of each 
experimental group of three mice (3). Blood was collected from the chest 
cavity, oxalated, and separated into cells and plasma. The cells were 
washed with saline and laked. Glucuronidase determinations were 
performed on the liver, kidney, spleen, uterus, vagina, laked blood cells, 
and plasma of each group of mice. The results are given in Table I. 


* Aided by a grant from the Otho 8S. A. Sprague Memorial Institute. 
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Of the tissues listed, with the exception of uterus and in some cases 
vagina, which show elevated activities, the enzyme activity of the liver, 
kidney, spleen, blood cells, and plasma remains largely unchanged, sub- 


TaBLe I 


Effect of Estrogens on 8-Glucuronidase Activity of Various Tissues of 
Ovariectomized Mouse 





























, | 8-Glucuronidase activity* 
rang Estrogen (in Total | 

ie. aqueous alcohol) | dosage E eee i Blood Blood 
Liver | Kidney | Spleen | Uterus | Vagina cells pasma 
| | | per ml. per ml. 

| | 

y | 
1 | Controls 0 | 3.18] 1.31] 6.64) 0.92) 1.03 | 0.24) 0.08 
Estrone 0.5} 4.42] 1.85) 6.95 | 2.90| 2.36 | 0.26 | 0.05 
Estradiol 0.5 | 4.23 | 1.40 | 7.31 | 3.22] 1.68} 0.31 | 0.07 
Estriol 0.5| 3.35] 1.26] 5.72| 1.87] 1.21] 0.26] 0.13 
| 72.0) 4.15 | 1.35] 6.22] 2.70] 1.47) 0.28} 0.08 
2 | Controls | 0 2.28 | 1.56 | 3.89) 0.89] 0.94) 0.37 | 0.16 
Estrone | 72.0} 2.32} 1.36] 4.66] 3.08| 2.67] 0.26] 0.09 
Estradiol | 72.0 2.43 | 1.44) 4.50} 2.93} 1.43} 0.31] 0.14 
Estriol glu- | 72.0{| 2.18} 1.51 | 6.22] 4.70 2.40 | 0.53 | 0.09 

curonide 
Stilbestrol | 72.0] 2.16 | 1.35] 3.90| 3.28] 1.33| 0.26] 0.11 














The estrogen was injected subcutaneously in a total volume of 1.2 ml. of 8 per 
cent alcohol, divided into 0.2 ml. doses twice a day for 3 days. Control mice re- 
ceived 8 per cent alcohol alone. The animals were killed on the 5th day and aqueous 
homogenates of the pooled organs of each experimental group (three mice) were 
prepared. Thesystem consisted of 0.40 ml. of tissue extract, 0.40 ml. of 0.1 N acetate 
buffer (pH 5.0), and 0.2 ml. of 0.15 N sodium menthol glucuronidate. Incubated 70 
hours at 37.5°. The glucuronic acid liberated is estimated from the increase in 
reducing power of the digest over that of a boiled enzyme control (3). The limits 
of variation which can be expected in any single determination may be stated in 
terms of percentage variation as follows: liver, +19 (sixty-three mice), kidney +25 
(fifty-seven mice), spleen, +25 (fifty-four mice), uterus, +33 (thirty-nine mice), and 
vagina, +27 (thirty-four mice). Similar data on pooled organs under these exact 
experimental conditions have not been collected. However, in other experiments 
with a 22 hour period of incubation (Table II), data on pooled organs have shown 
limits of variation which are not greater certainly than those given for determina- 
tions on individual mice. It has proved to be more satisfactory to make comparisons 
by referring to the values of a control group, run simultaneously, rather than to a 
composite average. In Table I, the enzyme activities in the control groups are in 
the higher range of the normal. 

* Mg. of glucuronic acid liberated per hour per gm. of wet tissue. 


sequent to estrogen injection, compared to the corresponding control 
group. Similarly, when 2 y of estradiol monobenzoate were administered 
in oil in three daily injections, the uterine enzymic activity was elevated, 
but that of liver, kidney, and spleen was definitely unaffected (Table II). 
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In these experiments it is interesting to note the similarity in the action 
of the artificial estrogen to the natural estrogens, and it may be noted that 
stilbestrol monoglucuronide has been isolated from the urine of rabbits 
injected with stilbestrol (4). 

Another finding which seems significant is the presence of the enzyme in 
mouse blood. In humans,! both cells and plasma show §-glucuronidase 
activity. 


Relation of Dosage of Estrogen to Glucuronidase Activity 


Amounts of estriol, estriol glucuronide, estradiol, and estrone (0.025 to 
36 y) were administered to ovariectomized mice in groups of twelve, as 
previously described (1). Their uteri were analyzed individually and 
the averages for each group have been computed. The difference between 
this value and the value of the controls is expressed as a percentage in- 
crease. ‘These values have been related to the dosage in Fig. 1. 

It is evident that estrone, estradiol, and estriol are more effective at 
lower doses than is estriol glucuronide and that significant effects are ob- 
tained with amounts of estrogen in the physiological range. A similar 
result is reported in Table I. It may be significant that a plateau is reached 
with increasing amounts of estrogen. 


Effect of Testosterone Propionate When Administered Simultaneously 
with Estradiol Benzoate 


The purpose of this experiment was to determine whether or not the 
action of estrogen in elevating uterine glucuronidase could be prevented 
by androgen. From Table II, it is evident that, although the weight of 
the uterus is lower in the groups receiving estradiol benzoate and testos- 
terone propionate simultaneously, the concentration of enzyme is still 
in the same range as in the group receiving estradiol benzoate alone. Sim- 
ilar results are obtained when the data are expressed on the basis of nitrogen 
content and when a longer period of observation is employed (Table ITI). 

In these experiments somewhat different conditions have been employed 
(injection of esterified hormones in oil), so that a comparison of the effects 
of 100 y of testosterone propionate with the estrogen series becomes dif- 
ficult. Apparently 1 mg. of testosterone propionate will elevate uterine 
glucuronidase. The comparison on a more quantitative basis of the 
effects of androgens and other substances has been reserved for future 
study. , 

Whereas the ability of androgen to antagonize estrogen stimulation is 
wide-spread, its failure to do so in the case of uterine glucuronidase argues 
for a unique type of specificity of action by estrogen. 


! Fishman, W. H., unpublished. 
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Expression of Uterine B-Glucuronidase Activity on Basis of Total Nitrogen 


In tissues such as liver and kidney, whose composition is regulated within 
very narrow limits, it is permissible to express the enzyme concentration 
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Fic. 1. The relation of dosage of estrogen to elevation in glucuronidase activity. 
The estrogen was injected subcutaneously in a total volume of 1.2 ml. of 8 per cent 
alcohol, divided into 0.2 ml. doses twice a day for 3 days. Control mice received 
8 per cent alcohol alone. The animals were killed on the 5th day and aqueous homog 
enates of the uteri were prepared. The system consisted of 0.40 ml. of uterine 
extract, 0.40 ml. of 0.1 N acetate buffer (pH 5.0), and 0.20 ml. of 0.15 N sodium menthol 
glucuronidate. Incubated 70 hours at 37.5°. The glucuronic acid liberated is es- 
timated from the increase in reducing power of the digest over that of a boiled enzyme 
control (3). The difference in the enzymic activities in the estrogen-treated groups 
as compared to the controls is expressed as a percentage increase. The average 
uterine glucuronidase value for thirty-nine animals (individual analyses) in the 
control group was.0.68 + 0.23 mg. of glucuronic acid per hour per gm. of wet tissue. 


on the basis of wet weight. However, in tissues such as uterus, whose 
water content is greatly augmented by estrogen administration, enzyme 
concentration on a wet weight basis is apt to be unsatisfactory. 

The use of dry weight of tissue or total nitrogen as a basis for expressing 
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enzyme concentration in the uterus is advisable when a quantitative com- 
parison of the effects of estrogen is being made. By this means the in- 
crease in enzymic activity is made more apparent, as in Table III and 


TaBLeE II 


Effect of Estrogen and Androgen on B-Glucuronidase Activity of Various Organs 

















| 


| 


| 


Experi | Substance administered Total | Average | 6-Glucuronidase activity® 
mt | ‘oa | doetge | wine | 
. {| Liver | Kidney | Spleen | Uterus 
| oy | ms. | | 
1 | None | 0 | 19.6 | 2.32 | 1.21| 2.62] 0.62 
Estradiol benzoate 2.0} 140.0 | 2.29 | 0.87 3.15 1.30 
Testosterone propionate 100.0 44.0 2.13 0.96 | 2.43 | 0.98 
Kstradiol benzoate + |= 2.0| 71.5 2.76 | 0.90) 2.60] 1.72 
Testosterone propionate | 500.0 | | 
Estradiol benzoate ++ | 2.0| 64.0 2.95 | 1.13] 2.98] 1.50 
Testosterone propionate | 1000.0 | | 
2 | None | 0 | 16.3 | 2.10 | | | 0.37 
Estradiol benzoate | 1.0} 83.5 | 2.74 | | | 1.32 
Testosterone propionate | 1000.0 | 34.6 | 2.25 | | 1.19 
Estradiol benzoate + | 10 | 52.0 | 2.83 | | 1.60 


Testosterone propionate | 1000.0 





The test substances were injected subcutaneously in a total volume of between 
1.0 to 2.0 ml. of salad oil, divided equally into three daily doses. Control mice 
received salad oil alone. The animals were killed on the 4th day and aqueous 
homogenates of the pooled organs of each experimental group (three mice) were 
prepared. The system consisted of 0.40 ml. of tissue extract, 0.40 ml. of 0.1 N acetate 
buffer (pH 5.0), and 0.20 ml. of 0.15 N sodium menthol glucuronidate. Incubated 
22 hours at 37.5°. The glucuronic acid liberated is estimated from the increase in 
reducing power of the digest over that of an average of two controls, one containing 
boiled extract in the presence of substrate and the other unboiled extract without 
substrate. The normal range of tissue enzyme activities obtained by duplicate 
analyses on six groups of ovariectomized mice (three mice to a group) was as follows: 
liver 1.83 to 2.88 mg. of glucuronic acid per hour per gm. of wet tissue, kidney, 0.72 
to 1.70 mg., spleen 2.31 to 4.50 mg., and uterus 0.36 to 0.82 mg. From these data, 
the limits of variation which can be expected in any single determination on pooled 
organs can be stated tentatively in terms of percentage variation as follows: liver 
+11 per cent, kidney +29 per cent, spleen +16 per cent, and uterus +17 per cent. 

* Mg. of glucuronic acid liberated per hour per gm. of wet tissue. 


Fig. 2. Intrauterine fluid which accumulates in the estrogen-stimulated 
uteri often escapes when the uterus is removed. This factor, which would 
be an important source of variation and error in the determination of 
wet weight concentration, is of much less importance when the concentra- 
tion is expressed on a nitrogen basis. In the previous experiments (2) 
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and in those reported in Tables I, II, and Fig. 1, it has not been necessary 
to make uterine nitrogen determinations, since the conclusions which are 
drawn are more of a qualitative than of a quantitative nature. 

When | y of estradiol monobenzoate is administered in oil, the total 
uterine nitrogen increases about 3-fold, while the enzyme concentration 


TaBLe Ill 


Comparison of Enzyme Activities Based on Wet Weight and on Nitrogen 
Content of Uterus 


Day fol-| ,. att Activity 

Substance administered (in oil Dosage hy ~ i uterine sie «| Total N berm rg 

injection ; tissue 

Y me. me 

Control 0 0 19.7 | 0.09 0.76} O,12)| 0.45 

Estradiol benzoate l l 71.2) 1.18 | 1.30) 0.91 1.66 

” % + ! 2 31.9) 0.59) 0.69 > 0.85) 1.85 
Testosterone propionate | 1000 

Estradiol benzoate + ] 5 | 44.5) 0.58 | 0.94); 0.62! 1.30 
Testosterone propionate 1000 


The test substances were injected subcutaneously in a total volume of between 
1.0 and 2.0 ml. of salad oil, divided equally into three daily doses. Control mice 
received salad oil alone. These animals were killed on the 4th day and the estrogen 
treated groups were continued for periods up to the Sth day of the experiment. 
Aqueous homogenates of the pooled organs of each experimental group (two mice) 
were prepared. The system consisted of 0.40 ml. of tissue extract, 0.40 ml. of 0.1 x 
acetate buffer (pH 5.0), and 0.20 ml. of 0.15 N sodium menthol glucuronidate. Inecu 
bated 22 hours at 37.5°. The glucuronic acid liberated is estimated from the increase 
in reducing power of the digest over that of an average of two controls, one contain 
ing boiled extract in the presence of substrate and the other unboiled extract without 
substrate. Uterine nitrogen was determined by micro-Kjeldahl analyses on suitable 
aliquots of the tissue homogenate. The normal range of uterine glucuronidase 
activities obtained by duplicate analyses on five groups of ovariectomized mice 
(three mice to a group) were as follows: 0.36 to 0.82 mg. of glucuronic acid per hour 
per gm. of wet tissue, and 0.12 to 0.22 mg. of glucuronic acid per hour per mg. of 
uterine nitrogen. From these data, the limits of variation which can be expected 
in any single determination on pooled uteri may be stated tentatively in terms of 
percentage variation as follows: uterus (wet tissue) +17 per cent, uterus (nitrogen) 
+23 per cent. 

* Mg. of glucuronic acid liberated per hour 


is elevated ten to thirteen times (Fig. 2). The prolonged effect here is 
probably due to the delayed absorption of estrogen from the oil and the 
slower rate of its destruction and elimination, since in other unpublished 
experiments with dilute alcoholic solutions of estrogens the elevation of 
enzyme is of shorter duration. 
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Fic. 2. A comparison of changes in uterine nitrogen and in glucuronidase con- 
centration following the injection of estradiol benzoate. The system consisted of 
0.40 ml. of tissue extract, 0.40 ml. of 0.1 N acetate buffer (pH 5.0), and 0.2 ml. of 0.15 
n sodium menthol glucuronidate. Incubated 22 hours at 37.5°. The glucuronic acid 
liberated is estimated from the increase in reducing power of the digest over that 
of an average of two controls, one containing boiled extract in the presence of sub- 
strate and the other unboiled extract without substrate. Total uterine nitrogen was 
computed from micro-Kjeldahl determinations on suitable aliquots of the tissue 
homogenate. The normal range and limits of variation for the enzyme in the uterus 
of the ovariectomized mouse are given in the foot-note for Table III. 


DISCUSSION 


Glucuronide formation has generally been considered a process of “de- 
toxication,”’ since it has been observed most frequently in connection 
with the administration of drugs and other substances foreign to the body. 
However, this term, with its pharmacological connotation, cannot be 
applied properly to the formation of estriol and pregnanediol glucuronides 
in pregnancy. It is proposed that glucuronide formation in all cases be 
regarded as one of the processes of ‘metabolic conjugation;” other ex- 
amples would include conjugation with glycine, sulfate, and acetate. The 
biological purpose of such reactions should be settled in each instance on 
the basis of the available evidence, and not arrived at by analogy. 

8-Glucuronidase may be involved in metabolic conjugation processes 
with glucuronic acid as the conjugating substance. Thus Fishman (2, 3) 














14 B-GLUCURONIDASE 


observed that glucuronidogenic substances, when fed to dogs and mice, 
induced an increase in the 8-glucuronidase activity of various tissues. 
DeMeio and Arnolt found that the ability of liver and kidney slices to 
conjugate phenols was markedly increased when borneol or phenol was 
fed to rats (5). Jn vitro synthesis of glucuronides? from phenol (6) and 
borneol (7) in the presence of glucuronic acid has been observed with 
purified spleen glucuronidase (8) and with surviving liver slices (7, 6). 

What is the nature of the elevation in the activity of glucuronidase, 
whether in liver following menthol feeding or in uterus subsequent to 
estrogen injection? Is the actual amount of enzyme increased or may 
there be involved the formation of an activator or the removal of inhibitor 
substances? If the actual amount of enzyme protein is increased, then 
this might possibly be an example of the adaptation of enzyme to sub- 
strate, as has been demonstrated for many microbial enzymes. It is 
true that the amount of uterine nitrogen is increased along with the marked 
elevation of uterine glucuronidase, but it is scarcely to be doubted that 
the greatest portion of the increment is the result of tissue growth. The 
proportion of enzymic to non-enzymic nitrogen is unknown and will be 
difficult to estimate. The differences in the response of the enzymes of 
liver, kidney, and spleen on the one hand and the enzyme of the uterus 
on the other may be due to actual differences in two enzymes or they may 
be explained by mechanical factors, such as permeability of the cell mem- 
brane to the stimulating agent. 

It is important to decide to what extent the elevation in glucuronidase 
is a specific physiological response or merely a reflection of the increased 
growth of the uterus stimulated by estrogen. If the glucuronidase eleva- 
tion phenomenon is connected with the amount of functioning protoplasm, 
it should be quantitatively related to the weight or, better, the nitrogen 
of the uterus and its concentration should not change. However, it is 
the concentration of the enzyme which is so markedly elevated, and from 
an inspection of Tables IT and III and Fig. 2 it is clear that the amount 
of tissue per se is not the important factor which controls the glucuronidase 
response. Furthermore, the duration of the increase in glucuronidase 
concentration appears to be related to the duration of estrogen stimulation. 
This response is elicited with amounts of hormone within the physiological 
range. Accordingly, there seems to be sufficient evidence to warrant 
considering the elevation in uterine glucuronidase as a physiological re- 
sponse to estrogen. 

The hypothesis may therefore be stated that the physiological significance 


* According to a recent report (Crépy, O., Compt. rend. Acad., 223, 646 (1946); 
Chem Abstr., 41, 2143 (1947)), surviving liver slices of rabbit and guinea pig in vitro 
conjugate estrone, estradiol, and estriol with glucuronic acid. 
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of the enzyme is the synthesis of the glucuronide of the hormone as the 
initial step in the utilization of the complex by the tissue. Metabolic 
conjugation of the estrogenic hormones may have far-reaching physiological 
and clinical implications. As pregnancy proceeds, the excretion of the 
glucuronides of estriol and pregnanediol becomes progressively greater. 
As currently interpreted, this is seen as a process by which the fetus and the 
body are protected from the deleterious effects of large quantities of free 
estrogen. In view of the concept that the liver is the site of inactivation 
of estrogens, one wonders why the uterus, which is the site of hormone 
action, should also be the site of its inactivation. From the evidence 
presented in this report the opinion can be advanced that glucuronidase 
has a fundamental réle in the physiological action of the estrogenic 


hormones. 


SUMMARY 


When estrogens are administered in physiological amounts to ovariec- 
tomized mice, there follows an increase in 6-glucuronidase activity of the 
uterus. This effect is not apparent in several other tissues studied, even 
with the administration of relatively large amounts of estrogen. Stil- 
bestrol, an artificial estrogen, stimulates uterine glucuronidase in the same 
manner as the natural estrogens when given under the same conditions. 
Testosterone propionate does not antagonize the effects of estradiol ben- 
zoate in the experimental conditions employed. It is proposed that B- 
glucuronidase has a fundamental réle in the physiological action of the 
estrogenic hormones and that glucuronide formation be considered a 
process of “metabolic conjugation” rather than detoxication. 


Warm appreciation is expressed to Dr. E. A. Evans, Jr., Dr. T. F. Gal- 
lagher, and Dr. Kurt Altman for their critical discussions of the paper. 
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Previous investigators of oxidative phosphorylation have not been 
concerned with any quantitative differences which might exist between 
normal and pathological tissues, and were therefore able to utilize extracts 
of tissues in their studies. It is probable that the preparation of such ex- 
tracts involved the removal of relatively more of the energy-depleting 
enzymes than of the energy-mobilizing enzymes.! Although such manipu- 
lations greatly favor the demonstration of oxidative phosphorylation, they 
are not acceptable from the standpoint of a quantitative tissue assay be- 
cause an unknown fraction of the enzymes is necessarily discarded. How- 
ever, these earlier studies, particularly those of Ochoa (2, 3), established 
the components of the reaction mixture and the precautions which need to 
be taken, so that the demonstration of oxidative phosphorylation in kidney 
homogenates (4) was greatly facilitated. It was subsequently shown (5) 
that homogenates of a variety of tissues were capable of coupling the energy 
of oxidation with phosphorylation. Furthermore, the uptake of phosphate 
during short periods of incubation was proportional to the amounts of tissue 
employed. There was, therefore, a sound basis for attempting to develop 
an assay system for the study of oxidative phosphorylation in tissue homog- 
enates. The chief disadvantage of the method as originally described (4) 
was the technical problem of fractionating the phosphorus of the reaction 
mixtures so that the “true’’ inorganic phosphate could be properly deter- 
mined; although this was readily accomplished with considerable precision, 
the procedure was sufficiently tedious to discourage its widespread applica- 
tion. This difficulty has now been eliminated, since the new method for 
the determination of “true’’ inorganic phosphate recently published by 
Lowry and Lopez (6) is particularly well suited for following the course 
of phosphate uptake in the reaction mixtures which we employ. A second 


* This work was aided by a grant from the Jonathan Bowman Fund for Cancer 
Research. 

' Work in this laboratory by Dr. W. C. Schneider has shown, for example, that 
nuclei contain an appreciable fraction of the cellular ATPase and a negligible 
fraction of the succinic dehydrogenase and cytochrome oxidase, and that the nuclei 
are removed from homogenates by centrifuging at moderate speeds (1). 
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objection to the previous work was the use of fluoride. One of the goals 
of the present work has been the development of enzyme systems which 
could be coupled with energy-requiring syntheses, and since fluoride might 
affect some of these reactions adversely,’ a system which could maintain 
adenosine triphosphate (ATP) in the : abe nce of fluoride was to be desired 
This also has been accomplished, although further improvements are to be 
expected. It is the purpose of the present paper to describe an improved 
method for the study of oxidative phosphorylation which combines the 
principles of the homogenate technique with the available facts on the 
enzymes of oxidation and phosphorylation. 


EXPERIMENTAL 


The basic system which we employ is one in which a very small] quantity 
of homogenized tissue (20 to 30 mg. of wet weight) is placed in a reaction 
mixture which contains an oxidizable substrate (succinate, malate, oxal- 
acetate, lactate, pyruvate, citrate, glutamate, or a-ketoglutarate), 2 com- 
plete hydrogen transport system (coenzyme, cytochrome ¢), and a hydrogen 
neceptor (oxygen), plus inorganie phosphate, a phosphate acceptor (crea- 
tine), and a phosphate carrier (ATP). The oxygen uptake is readily 
measured on a conventional Warburg apparatus and the phosphate uptake 
is measured by determining “true’’ inorganic phosphate in the reaction 
mixtures at zero time and after a period of incubation. In the previous 
work it was shown (5) that the inorganic phosphate which disappeared could 
be exactly accounted for as the increase in phosphocreatine if appropriate 
amounts of creatine transphosphorylase were added. However, in the 
various tissues studied the inorganic phosphate which disappeared was 
either greater or less than the phosphocreatine which was formed, depending 
upon the tissue used. In all cases except liver a substantial fraction of the 
bound phosphate was in the form of phosphocreatine, and thus the main 
analytical problem is to distinguish phosphocreatine from inorganic phos- 
phate. In the Fiske-Subbarow method (8) the phosphocreatine is hydro- 
lyzed too rapidly by the molybdic acid to be effectively distinguished from 
inorganic phosphate and the compounds had to nag separated by precip- 
itating the inorganic phosphate with calcium (4, 

In the Lowry-Lopez method for inorganic paar ite (6), the con lition s 
established by Fiske and Subbarow (8, 9) have been modified in several 
respects. The pH was shifted from 0.65 to 4.0, the molybdate concentra- 
tion was reduced from 0.25 to 0.10 per cent, and ascorbic acid (10) was used 
as the reducing agent. The data (6) on the effect of the molybdate con- 

* For example, we have found in unpublished experiments that fluoride concen 
trations as low as 0.0005 m will prevent the ATP-catalyzed oxidation of oetanoic 


acid (7) 
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centration show that a still lower molybdate concentration, 0.05 per cent, 
gives maximum color development with inorganic phosphate at 10 minutes 
and almost negligible rates of color development with phosphocreatine, 
acetyl phosphate, or ribose-l-phosphate. While the use of 0.10 per cent 
molybdate probably facilitates extrapolation to zero time to obtain the 
true inorganic phosphate, we prefer the lower concentration, since under 
our conditions the extrapolation is generally unnecessary, as will be shown. 
The exact procedure is given below. 

Method for “ True’ Inorganic Phosphate—-In our previous work on oxida- 
tive phosphorylation (4, 5) the Warburg flasks were chilled, and to the 
contents (3.0 ml.) were added 2.0 ml. of 17.5 per cent cold trichloroacetic 
acid to give a final concentration of 7 per cent of the acid. This procedure 
was continued in the present work but an aliquot of 0.10 ml. of the acid 
protein-free filtrate has been analyzed directly for inorganic phosphate by 
the Lowry-Lopez method (6) as follows: An acetate buffer is prepared in 
such a manner that the sample of acid filtrate plus the buffer occupy 
a volume of 2.5 ml. and have a pH of 4.2. This buffer consists of 44 ml. of 
0.5 m sodium acetate, 40 ml. of 1.0 mM acetic acid, and water to give a volume 
of 480 mi. Colorimeter tubes 13 & 100 mm. containing 2.4 ml. of the 
buffer are prepared in advance, with a blank containing 2.5 ml. of buffer. 
Duplicate 0.10 ml. aliquots from the protein-free filtrates are added to the 
colorimeter tubes, followed by 0.25 ml. of freshly prepared 1 per cent ascor- 
bie acid and 0.25 ml. of 0.5 per cent ammonium molybdate in 0.05 Nn 
H.SO,. ‘The latter reagents are also added to the blank. The molybdate 
is added at 30 second intervals and the tube contents are mixed by shaking. 
The color is allowed to develop 10 minutes and the optical density is meas- 
ured at the chosen wave-length (6600 A in the present work) on the photo- 
electric spectrophotometer (Cenco-Sheard) at the same time interval for 
each tube. In our case, the optical density multiplied by 1110 gives the 
micrograms of inorganic phosphate per Warburg flask. 

Stabilily of Bound Phosphate—At two points in the analysis it is important 
to know the stability of the phosphate compounds formed by oxidative 
phosphorylation. 

After the reaction in the Warburg flask has been stopped with trichloro- 
acetic acid, there is necessarily a lapse of time while the tubes are being 
centrifuged and the samples are being pipetted, since in the usual experi- 
ment sixteen to eighteen flasks are used. It is thus important to know 
whether the bound phosphate is liberated by the trichloroacetic acid during 
this time. A number of preliminary trials showed no significant loss in 
bound phosphate in trichloroacetic acid in periods of from 2 to 3 hours at 
0°. Experiments were therefore carried out for more extended periods 
of time and are reported in Table I. In order to demonstrate the excellent 
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reproducibility of the data, four flasks were set up with identical reaction 
mixtures and duplicates were treated with trichloroacetic acid at 0 and 20 
minutes respectively. The reaction mixture contained exactly 310 y of 
added inorganic phosphate, 166 y of labile phosphate in the form of ATP, 
approximately 180 + of phosphate in the form of DPN,* plus the small 
amounts of phosphate contained in 30 mg. of fresh rat kidney. The analy- 
ses show that the flasks at zero time contained very little inorganic phosphate 
other than what was added as such. The figures varied from 328 to 341 y 
per flask at this time, and the extraneous inorganic phosphate contributed 
by the tissue, the ATP, and the DPN amounted to only 18 to 31 y per 
TaBLe | 

Stability of Bound Phosphate in 7 Per Cent Trichloroacetic Acid Filtrate at 0° 

Reaction mixture (see the text; succinate substrate) and incubation time (20 
minutes) chosen to give approximately a 50 per cent disappearance of original in- 
organic phosphate. Data are reported in micrograms of ‘‘true’’ inorganic phosphate 
per flask, on duplicate flasks, with the modified Lowry-Lopez method. Each figure 


is the average of duplicate aliquots. 


Bxprimet No, | THaelgsityr> | Ficus | Paakerens | —aPo 
| brs. yP yP yP 

1 0.5* | —- B28, 332 | 171, 173 159, 157 

1 2.5 | $33,333 | 186,199 | 4147, 143 

1 5.0 | 332,335 | 184, 191 150, 143 

2 4 341, 338 179, 175 161, 165 

2 22 334, 339 190, 191 147, 146 


* This was the shortest time which the manipulations permitted. 


flask. The figures did not increase significantly when the trichloroacetic 
acid filtrates were allowed to stand at 0° for various periods of time up to 
22 hours, from which we may conclude that neither the ATP nor the DPN 
yields inorganic phosphate under these conditions. On the other hand, 
the inorganic phosphate in the filtrates from the incubated flasks increased 
slightly, due to the breakdown of the bound phosphate, when the filtrates 
were stored. The increase was scarcely significant at 5 hours, but 
amounted to a decrease in AP of approximately 10 per cent at 22 hours. 
Since at least half of the bound phosphate is in the form of phosphocreatine 
(see below), the rate of phosphocreatine breakdown is only about | per cent 
per hour, if one assumes that the remainder of the bound phosphate is 
stable. At any rate the total bound phosphate is sufficiently stable in the 


3 Diphosphopyridine nucleotide, coenzyme I. 
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trichloroacetic acid filtrates at 0° to permit all the necessary manipulations 
as well as interruptions of several hours.’ 

The second point at which we are concerned with the stability of the 
bound phosphate appears during the actual development of the color after 
the molybdate has been added. In the Fiske-Subbarow method phospho- 
creatine breaks down during the course of 20 to 30 minutes in the acid 
molybdate. It was therefore of interest to compare the rates of color 
development in the two methods, with samples from flasks which had been 
incubated 0 and 20 minutes, as in Table I. The data are given in Table 
II, and demonstrate two points. The data obtained with the Lowry-Lopez 


TABLE II 
Stability of Bound Phosphate in Presence of Molybdate at 25° 


Samples taken from the trichloroacetic acid filtrates used in Table I and analyzed 
by the Lowry-Lopez and Fiske-Subbarow methods. Optical density was determined 
at intervals after molybdate addition. 














Method of analysis me... + Flask contents, 0 min. Flask contents, 20 min. 
min. log Io/I log 10/1 

Lowry-Lopez 12 0.296, 0.300 0.154, 0.156 
24 0.300, 0.302 0.162, 0.167 

Fiske-Subbarow | 30 0.314, 0.322 0.246, 0.230 
42 0.314, 0.328 0.253, 0.235 





method show that in the flasks taken at zero time the color reached maxi- 
mum by 12 minutes and remained essentially constant, while in the case of 
the flasks taken at 20 minutes the color continued to increase slowly, in- 
dicating a very slow breakdown of phosphocreatine. It is clear that for 
most experiments a single reading at 10 minutes is adequate, while an 
extrapolation to zero time, as recommended by Lowry and Lopez, can easily 
be made if necessary. In the case of the data obtained with the Fiske- 
Subbarow method the color development had reached its maximum in 
30 minutes and remained essentially constant. In this instance, however, 


‘The previous statements on the stability of phosphocreatine in trichloroacetic 
acid filtrates have been conflicting. Irving and Wells (11) reported that in ice-cold 
8 per cent trichloroacetic acid muscle filtrates no decrease of the labile compound 
occurred in 5 hours. Fiske and Subbarow (9) reported that the labile compound 
is essentially all phosphocreatine and remarked that ‘‘The statement recently made 
by Irving and Wells that no loss of labile phosphorus occurs in 5 hours at 0° is not 
correct.’’ They apparently did not report any data on the point, although they did 
state that the rate of hydrolysis in muscle filtrates was initially 25 per cent an hour 
at room temperature. 
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the —AP value was only about one-half as great as the analyses by the 
Lowry-Lopez method. The difference indicated that not all of the esteri- 
fied phosphate was in the form of phosphocreatine, since the Fiske- 
Subbarow method as used determined the sum of inorganic phosphate plus 
phosphocreatine. 

Further evidence on this point was obtained by using both methods to 
determine the AP when creatine was present or absent from the original 
reaction mixture. The data are given in Table III. It was found that the 
presence of creatine gave no increase in the AP value when measured by the 
Fiske-Subbarow method, whereas the esterified phosphate increased by 
63 y when determined by the Lowry-Lopez method. The difference be- 
tween the AP values by the two methods when creatine was not added may 


Tase III 
Effect of Creatine on Phosphate U ptake 
Samples taken from trichloroacetic acid filtrates from enzyme experiments carried 
out with and without creatine. Reaction components as in (5) with kidney and 
succinate. Comparison of phosphate methods. Each figure is the average of two 


flasks. 


| Flask contents, | Flask contents, 


Method of analysis Creatine addition ® aeie. 20 min APo_20 
me. vP yP 7 P 
Lowry -Lopez None 332 280 52 
(direct) 30 | | 217 115 
Fiske-Subbarow | None 326 204 32 
(direct) | 30 | 204 32 


be due in part to endogenous phosphate acceptors with esters labile to the 
Fiske-Subbarow procedure. 

Further Comparison of Phosphate Methods—As a final proot of the validity 
of the new method, data obtained by the direct analysis of trichloroacetic 
acid filtrates by the Lowry-Lopez method were compared with data ob- 
tained on the same filtrates with the Fiske-Subbarow method, following 
fractionation by calcium precipitation, as in the earlier work (4,9). The 
data are shown in Table IV. It is clear that as far as the disappearance of 
inorganic phosphate was concerned the two methods yielded results that 
were practically identical. The absolute difference between the two 
methods was only 10 y in 330 y and this may represent a loss of phosphate 
in the additional manipulations of the indirect Fiske-Subbarow method. 
For most work, the measurement of the AP by means of the direct Lowry- 
Lopez method is obviously the method of choice. For more detailed in- 
formation the calcium fractionation can be used as previously described (4). 
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Components of Reaction Mixture—As a result of the previous work (4) 
and subsequent experience, the general principle of using low substrate 
concentrations has been established. It appears that the substrate con- 
centration should be lower than the amount required to saturate the oxida- 
tivesystem. This isin contrast to the work on the oxidative systems alone, 
in which very high levels of succinate (12) or malate (13) were employed. 
In the cases cited, the final substrate concentration was 0.05 mM. In the 


TaBie IV 
Comparison of Methods for Determination of ‘‘True’’ Inorganic Phosphate 


The six experiments were run with the reaction media varied in such a way that 
the incubated flasks would contain inorganic phosphate and phosphocreatine in 
varying proportions within the range of values usually encountered. Each ex- 
periment was carried out in duplicate and the same enzyme preparation was used 
throughout. All of the flasks theoretically had identical amounts of inorganic 
phosphate at zero time and the variation among the zero flasks represents the ex- 
perimental error of each method. The Lowry-Lopez method was employed directly, 
as described in the text, while the Fiske-Subbarow method was applied to the calcium 
precipitates after separation from phosphocreatine (4, 9). The analyses by the 
Fiske-Subbarow method were kindly performed by Mr. Harlan L. Klug. See the text. 


True inorganic phosphate per flask 



































| 
a = pete taal —APo20 
Experiment No. | At 0 min. After 20 min. incubation 
| Lowry- Fiske- | Lowry- Fiske- Lowry- Fiske- 
Lopez Subbarow Lopez Subbarow Lopez Subbarow 
Y Y | Y Y 7 7 
1 334 328 | 205 203 135 127 
2 343 334 | 286 277 54 53 
3 336 328 232 224 108 106 
4 343 326 231 | 230 109 100 
5 346 335 243 23) 97 94 
6 | 340 331 300 | = 288 | 40 42 
‘ | ee - 
Average..... i 340 | 330 | 





oxidative phosphorylation studies, the amount of the oxidizable substrate 
has been 4 X 10°*m or less. The reason that the low substrate concentra- 
tion vields better net phosphate uptake is believed to be the occurrence of 
general reactions of the type as previously suggested (4, 5). This concept 


(1) ATP + oxidizable substrate = ADP + phosphorylated substrate 
(2) Phosphorylated substrate — oxidizable substrate + inorganic phosphate 


has also been used by Utter and Wood (14) in connection with their ex- 
periments on CO, fixation. In their work the “oxidizable substrate’”’ in 
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reactions (1) and (2) above was pyruvate. We have data to indicate that 
this is a general reaction which results in a “leak’’ of high energy phosphate 
from the ATP reservoir back to the inorganic level, and that the extent of 
the leak depends upon the nature and quantity of the substrate present. 

The reaction mixture previously developed (4) has been changed slightly 
and the present system is reported here. The complete reaction mixture 
consists of the following components, which are added in the order given: 
30 mg. of dry creatine hydrate, water to make a final volume of 3.0 ml., 
0.20 ml. of 0.5 m KCI, 0.30 ml. of 0.10 M MgCle, 0.20 ml. of 0.133 m Na ATP, 
pH 7.5, 0.30 ml. of m/30 sodium phosphate, pH 7.5, standardized to contain 
exactly 310 y of P, 0.10 ml. of 4 X 10° mM cytochrome c, 0.30 ml. of 0.04 wm 
sodium succinate, pH 7.5, 0.1 to 0.60 ml. of any additional cofactor or in- 
hibitor under study, 0.20 ml. of 0.20 m NaF, and 0.20 or 0.30 ml. of a freshly 
prepared 10 per cent water homogenate of rat kidney. The center cup 
contains 0.2 ml. of 2N NaOH plus filter paper. Precautions to insure speed 
and cold (4) are followed. The flasks are placed in cracked ice just before 
the homogenate is prepared, and the reaction is begun by transferring the 
flasks from the ice to the 38° bath. With malate and lactate the complete 
reaction mixture includes 0.1 ml. of a 1 per cent solution of DPN? (about 60 
per cent assay) at pH 7.2. The following section deals with the fluoride 
addition. 

Precautions in Use of Fluoride—-In the course of some work on inhibitors 
it was noted that the extent of “inhibition” was correlated with the volume 
of inhibitor solution. This was traced to the incompatibility of the Mg and 
the fluoride. It was found that, when the fluoride addition was delayed 
until just before the addition of the homogenate, no precipitation occurred, 
but that when the fluoride was added earlier it formed a precipitate with 
the Mg++. This precipitate did not redissolve when the volume reached 
3.0ml. This point is so important that the quantitative aspect of the effect 
is reported in Table V. It is clear that the later addition of fluoride is 
mandatory and that the water should be added prior to the fluoride, as 
suggested in the preceding section. The amounts of fluoride and mag- 
nesium to be added are interrelated, and the amounts recommended in the 
preceding section are based upon experiments in which both were varied. 
As shown in Table V, the use of the lower level of fluoride made the artifact 
negligible at certain concentrations but more pronounced at others. The 
fact that a second portion of as much as 1.0 ml. of water could be added 
without altering the result, provided that the fluoride was added last, shows 
that variations in the volume of the other components or inhibitors can be 
safely carried out within this range. 

Precautions against Use of Calecium—Ochoa (2) had suggested that the 
beneficial effect of fluoride in improving the net vield of esterified phosphate 
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might be due to the precipitation of calcium ions, which activate adenosine- 
triphosphatase (ATPase) in a variety of tissues (15). Since magnesium 
and fluoride ions can coexist in the reaction mixture at a much higher con- 
centration than the solubility of Mgk: would indicate, it was of interest to 
determine what the effect of added calcium would be. This type of experi- 
ment forms the prototype of tests of various inhibitors, and is reported 
graphically in Fig. 1. In this figure, the calcium concentration is stated 
in mg. per 100 ml. as well as molarity to facilitate comparison with the 


TABLE V 
Precautions in Use of Fluoride 

‘The usual reaction mixture (see the section on ‘‘Components of reaction mixture’’) 
was employed, but, instead of the addition of the reactants in the order given, the 
MgCl, and the NaF were allowed to mix in fluid volumes varying from 0.9 to 2.8 ml. 
by altering the order of adding the reactants. The order of adding the reactants was 
as given in the text, except that the water was added in two portions, with the second 
portion added to simulate the addition of an inhibitor. The fluoride was added 
either after the MgCl. or after the second water addition. The final volume was 
3.0 ml. in all cases. The results are reported as micrograms of inorganic phosphate 


uptake per flask. 


Inorganic phosphate taken up. 2nd addition of water 
Fluoride addition ‘< aS. = 


1.0 ml. 


0.0 ml. 0.3 mi. 0.6 ml. 
7 P m!.* 7 P ml .* + P ml.* 7 P ml.* 
§.2ml. 0.25mM NaF addedafter) 78 1.9 55 1.6 1s 1.3 30 0.9 
MgCl. addition 
0.1 ml. fluoride added as 74 1.9 68 1.6 73 1.3 s 0.9 
above 
0.2 ml. fluoride added after 77 2.8 72 2.8 72 2.8 72 2.8 


2nd addition of water 





* The figures represent the volume of fluid present when the fluoride was added to 
the mixture that included magnesium ions. 


calcium content of blood serum. It is evident that concentrations one- 
tenth as high as the serum calcium are very deleterious, while much lower 
concentrations produce noticeable effects. In the case of the succinate 
system the decrease in phosphate uptake is almost completely accounted for 
by the increased ATP breakdown, as is shown by the ‘no substrate” 
control curve, but in the oxalacetate system the decrease in yield is very 
striking and is not explained by the rate of ATP breakdown. Further- 
more, the oxidation of oxalacetate is decreased by the presence of calcium 
ions, in contrast to the oxidation of succinate, which was unaffected in this 
system. Previous work (4) indicated that succinate probably does not 
participate in reactions of the types shown by equations (1) and (2) to a 
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significant extent. The mechanism of the calcium effect in the oxalacetate 
system is unknown, but it may involve reactions of the type shown in 
equations (1) and (2) above. The increased decarboxylation of oxalacetic 
acid which is caused by calcium ions may be involved, but this explanation 
is weakened by the fact that the rate of oxygen uptake is but slightly di- 
minished by decreases in the substrate concentration (4). Furthermore, 
a number of other inhibitors have been shown to inhibit the oxalacetate 
system much more than the succinate system (to be published). Regard- 
less of the mechanism, it is clear that calcium ions should be eliminated 
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CALCIUM CONCENTRATION 


Fig. 1. The effect of calcium ions on oxidative phosphorylation obtained with 
water homogenates of rat kidney. The reaction mixture is described in the text; 
incubation time, 20 minutes. O (dash line), inorganic phosphate (no substrate); 
X (dash line), phosphocreatine (no substrate); O (solid line), inorganic phosphate 
(substrate present, succinate or oxalacetate); X (solid line), phosphocreatine (sub- 
strate present); 0, oxygen uptake (on succinate or oxalacetate). 


from the reaction medium as well as from any inhibitor solutions which 
might be studied. 

Summation of Oxidative Phosphorylations—In a recent paper on the 
malic dehydrogenase system (13) it was shown that tissue homogenates 
require the addition of considerable amounts of DPN in order to obtain 
effective oxidation of malate. Combinations of malate, DPN, and succin- 
ate were therefore studied in the oxidative phosphorylation system, as is 
shown in Table VI. It was found that malate additions decreased the 
phosphate uptake caused by succinate oxidation, while the addition of 
DPN to the succinate system produced a marked increase in the phosphate 
uptake with but little increase in the oxvgen uptake. It would appear t)at 
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the DPN stimulated the oxidation of malate formed from succinate and 
that increased amounts of malate were superfluous as far as the oxidation 
was concerned, and detrimental to phosphate uptake by some such mech- 
anism as proposed in equations (1) and (2) above. In contrast to malate, 
lactate gave an increased rate of oxygen uptake and a slight increase in 
phosphate uptake. The explanation of the summation observed with 
lactate and succinate and the lack of summation observed with malate and 


TaBie VI 
Summation of Oxidative Phosphorylations 
Each flask contained the reaction system described in the text, with 0.30 ml. of a 
10 per cent water homogenate of rat kidney. The APo_2o refers to the difference in 
inorganic phosphorus at 20 minutes compared with a zero control containing an 
identical! reaction mixture. 

















Additions | 
; Se —— si APo_20 O: per 10 min. 
DPN | Malate j Succinate | Lactate | 
7 ml. 

- - - - | +14 | 9.3 
- | - - -51 | 15.8 
- + = | — —55 | 29.6 
= - + | _ -% | 43.8 
ia | + | + - | —74 | 40.1 
+ + | - ~ | 121 41.8 
+ _ + | _ —179 49.6 
+ + | + | _ | —138 49.6 

| | 
: ; 7 _ +415 | 4.6 
4 - - ~- —-D | 14.7 
+ - - — 60 30.1 
um . + - | —-9% | 44.0 
‘ - _ + —-4 18.0 
+ + _ | ~ —-94 =| 43.8 
4 - + ~ | 17 | 49.0 
+ - _ | + | —89 37.0 
+ . + + — 146 60.6 


succinate may be that malate is formed from succinate, while lactate is 
not so directly related. Thus, with succinate plus DPN there was probably 
summation between malate and succinate oxidation. The malate data 
reemphasize the importance of using a low substrate concentration. 
Phosphorylation in Absence of Fluoride—The summation experiments 
suggested the possibility of attempting to maintain the ATP reservoir by 
means of a combination of oxidizable substrates. It seems probable that 
in a whole homogenate many of the enzymes which deplete the ATP reser- 
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voir may operate unrestrained by the mechanisms which control the use 
of ATP in the intact cell. It is unreasonable to expect a single channel of 
oxidative phosphorylation to keep pace with this unrestrained depletion, 
but by using a combination of oxidizable substrates one might expect to 
be able to bring into play a number of the oxidative systems which are 
‘apable of replenishing the ATP reservoir and thus to take up inorganic 
phosphate as rapidly as ATP is dephosphorylated. The present work dealt 
in terms of the components of the Krebs cycle. It was known from our 
previous study that in order to get effective phosphorylation most sub- 
strates have to be used at low concentrations (4), possibly because of 
reactions of the type shown in equation (1) above. It was also indicated 
that the carbonyl compound depleted the ATP reservoir to a greater extent 
than the corresponding hydroxy compound with the oxalacetate-malate 
pair of substrates. Potter and Schneider (unpublished) have also found 
that pyruvate and a-ketoglutarate tend to deplete the ATP reservoir. 
Since it seems desirable to add oxalacetate, pyruvate, and a-ketoglutarate 
in small amounts to avoid the “leak effect,’”’ and since they can be formed 
readily in the reaction mixture from malate, lactate, and glutamate, the 
latter compounds are more desirable additions for the present purpose. 
Since it was shown above (Table VI) that succinate plus DPN was superior 
to succinate plus malate plus DPN, succinate was used as a substrate and 
malate was omitted. Attempts to use citrate to complete the full utiliza- 
tion of the Krebs cycle by conversion to isocitrate were unsuccessful, and 
the final mixture of substrates included only succinate, lactate, and gluta- 
mate. The reactions set in motion by these additions are readily expressed 
in terms of the Krebs cycle (16). Glucose was added to provide an addi- 
tional outlet for ATP and to provide, if possible, a continuing source of 
substrates for the Krebs cycle, but the data thus far have not indicated that 
the glucose is beneficial. Since one objective of this work is the recon- 
struction of the total system (see below), glucose was retained in the mix- 
ture. The nature of the data is such that the course of the experiment 
can best be pictured by plotting the change in the inorganic phosphate 
concentration with time. Data obtained with two different homogenates 
are shown in Fig. 2 to illustrate the precision of single experiments and the 
manner in which variation in the homogenates affects oxidation and phos- 
phorylation. In each case, kidney was the tissue employed. Changes in 
the concentration of inorganic phosphate during a 30 minute incubation 
period are shown with four different reaction mixtures: three substrates 
present + fluoride (Curves GSF and GS) and three substrates omitted 
+ fluoride (Curves GF and G). Thus there are four curves for each of 
two rats and a pair of curves for each of the four experimental set-ups, 
while each curve consists of data from four flasks containing identical re- 
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action mixtures with the reactions stopped at 0, 10, 20, and 30 minutes 
respectively by the addition of trichloroacetic acid. Each point on the 
phosphate curves represents duplicate analyses on a single flask, while the 
oxygen uptake data represent the average of the manometer readings on 
all the flasks up to the time that they were taken off for phosphate analysis. 
For each pair of curves, the upper curve (X) represents data from an older 
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INCUBATION TIME —MINUTES 


Fic. 2. The changes in inorganic phosphate concentration and the oxygen uptake 
obtained with 0.2 ml. of a 10 per cent water homogenate of rat kidney. The reaction 
mixture is as in the text, including DPN, but with variations in the substrate and 
fluoride as follows: Curves G, 6 mg. of glucose per flask; Curves GF, the same as 
Curves G but with 0.2 ml. of 0.2m sodium fluoride; Curves GS, the same as Curves G 
but with succinate, lactate, and glutamate each added as 0.1 ml. of 0.04 m solution; 
Curves GSF, the same as Curves GS but with fluoride as in Curves GF. The dash 
line represents the original inorganic phosphate concentration in all flasks; the 
dotted line, the sum of the original inorganic phosphate plus the high energy 
phosphate of the added ATP. The curves represent single experiments with two 
different rats; 0 = rat 2 months old, X = rat 8 months old. 


rat (8 months) and the lower curve (QO) represents data from a younger 
rat (2 months). The significance of this consistent relationship lies in 
the fact that the curves are the result of enzyme systems which act in oppo- 
site directions with respect to ATP synthesis and breakdown, and the lower 
any curve falls the greater is the effect of the energy-mobilizing (phosphate- 
binding) enzymes, as compared to the effect of the energy-depleting (de- 
phosphorylating) enzymes: The phosphate-binding system was relatively 
more active in the tissue from the younger rat in this instance. The oppos- 
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ing systems vary independently and the same plan of experiment is appli- 
cable to the study of accessory factors which improve the relative position 
of the phosphate-binding systems, or to the action of drugs or inhibitors 
which may increase the rate of phosphate breakdown relative to the rate 
of phosphate uptake. 





In all of the reaction mixtures the variations did not affect the inorganic | 


phosphate in the flasks taken at zero time and a horizontal broken line 
through the graph indicates this original level of inorganic phosphate (about 
340 y of phosphate per flask) as a base line for comparison with the changes 
produced by incubation. This line is based on actual determination of the 


inorganic phosphate levels in the eight experimental reaction mixtures, _ 
A second reference line is the dotted line at about the 505 y level. This | 


line is based on the sum of the actual original inorganic phosphate plus the 
theoretical amount of phosphate which could be liberated from the added 
ATP if both of the high energy phosphate groups were split off. 

The data show that the rate of oxidation when glucose alone was present 
was very low in comparison to the rate attained when the three substrates 
of the Krebs cycle were added. When glucose and fluoride (Curves GF) 
were present, the oxygen uptake was very poor, but the ATPase was in- 
hibited by the fluoride and the ATP was therefore not hydrolyzed; the 
inorganic phosphate concentration remained constant. When glucose 
was present without fluoride (Curves G) the oxygen uptake improved 
slightly, but the ATPase was unrestrained by the fluoride and the ATP was 
quickly hydrolyzed to the level corresponding to adenylic acid. 

When the three substrates (lactate, glutamate, and succinate) were 
present in addition to glucose and fluoride (Curves GSF), vigorous oxygen 
uptake occurred and the inorganic phosphate level dropped rapidly with 
time as oxidative phosphorylation proceeded, with the ATP breakdown 
inhibited by fluoride. When fluoride was omitted (Curves GS), the oxida- 
tion rate was greater but the vigorous uptake of inorganic phosphate was 
opposed by a somewhat more vigorous ATP breakdown, since the ATPase 
was unrestrained in the absence of fluoride. This is the experimental 
set-up which is most sensitive to changes in the reaction mixture and it is 
this pair of curves which shows the greatest disparity between the two 
rats. Only in the case of the younger rat was it possible for the oxidative 
phosphorylation to keep pace with the ATP breakdown and to maintain 
the ATP reservoir, and even in this case the balance had definitely shifted 
in favor of the ATP breakdown within 20 minutes. This was correlated 
with a decreased rate of oxidation which may reflect an accumulation of 
keto acids. This reaction mixture is the best that we have been able to 
devise for the testing of reactions which simulate ATPase (e.g. reaction 
(1) + (2)) in the absence of fluoride. In this system, the addition of sub- 
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strates sufficient to saturate completely the oxidative mechanism results in a 
decreased yield of net phosphate uptake. This we interpret in terms of reac- 
tions (1) and (2), and since oxalacetate is more active in this respect than 
malate (4), any failure to metabolize the keto acids will cause their accumu- 
lation and will accelerate the “leak’’ of phosphate from ATP back to the 
inorganic phosphate level. The system can therefore be adapted to the 
search for the factors necessary for the oxidation of these keto acids or 
for the study of inhibitors of the transphosphorylases. It is clear that 
any compound which can substitute for ‘‘oxidizable substrate’’ in equation 
(1) by reacting with ATP to give a phosphorylated compound which 
can be readily hydrolyzed will have the effect of strongly “inhibiting” 
phosphate uptake by providing an auxiliary reaction which will simulate 
ATPase. Furthermore, any functional type of reaction in which ATP 
energy is utilized would simulate ATPase. For example, if acetate and 
choline were added to such a system in the presence of choline acetylase, 
an increased output of inorganic phosphate should result. If the functional 
enzymes can be prepared free from ATPase, the present reaction mixture 
can be by-passed and pure ATP substituted for the system which maintains 
it, but otherwise it is clear that the ATP will be depleted rapidly (Curves 
G). The problem is simplified if the functional enzyme is insensitive to 
fluoride, since the oxidative phosphorylation system is relatively insensi- 
tive to it; at the 10 minute point, Curves G minus Curves GS are approxi- 
mately equal to Curves GF minus Curves GSF. Since it cannot be as- 
sumed that the functional enzymes will be insensitive to fluoride and since 
the preliminary work must in all likelihood be done with crude prepara- 
tions containing ATPase, the development of systems capable of main- 
taining the ATP reservoir even for short periods of time (Curve GS, 
lower line) is an essential step in the development of reaction systems 
which utilize ATP energy for purposes of synthesis. Meanwhile, further 
improvements in the system should prolong the period during which the 
ATP reservoir can be maintained (see below). 

Glycolytic Enzyme Complex—The data in Fig. 2 show that when glucose 
was the sole oxidizable substrate little oxidation or phosphate uptake oc- 
curred, in spite of the fact that ATP, DPN, and cytochrome c were present. 
Since glucose would have to be converted to hexose diphosphate (HDP) 
before being oxidized (assuming the hexose monophosphate shunt (16) 
to be inoperative in the absence of added triphosphopyridine nucleotide), 
the first addition to the system was HDP. Using reaction mixtures analo- 
gous to those for Curves G and GF in Fig. 2, we determined the effect 
of adding hexose diphosphate at a final concentration of 0.004 m. This 
resulted in a vigorous oxygen uptake which was only slightly inhibited by 
fluoride. In the presence of fluoride, phosphate uptake occurred only 
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during the first 10 minutes and then remained stationary. In the absence 
of fluoride the rate of inorganic phosphate output paralleled Curves G 
in Fig. 2 for the first 10 minutes and then continued at the same rate for 
the entire 30 minutes, instead of leveling off at the ATP plateau in 10 to 
20 minutes. Thus HDP was vigorously dephosphorylated in the absence 
of fluoride. The results with HDP (Table VII) showed conclusively that 
the low rate of oxidation observed with glucose alone (Curve G, Fig. 2) 
was due to an inadequate conversion of glucose to HDP rather than to an 
inability to oxidize HDP. Excellent work on glycolysis in brain homoge- 
nates had been done by Utter, Reiner, and Wood (17, 18), who also found 
that HDP could not be supplanted by glucose plus ATP. They used 
anaerobic conditions and a bicarbonate buffer. Racker and Krimsky 
(19, 20) have also made important contributions to the study of glycolysis 
in brain homogenates, and the low metabolism of glucose as compared 


Tasie VII 
Oxidation of Glucose Compared with Hexose Diphosphate 
Reaction mixture as indicated in Fig. 2, except that sodium hexose diphosphate 
at a final concentration of 0.004 Mm was added as indicated. 





Oz uptake per 20 min 


Addition ental : 
With fluoride Without fluoride 
microliters microlilers 
Glucose 9.4 ! 9.2 
hexose diphosphate 31.3 42.9 





with HDP which was observed by us and by Utter ed al. may be explained 
by the finding (19) that sodium ions inhibited the glycolysis of glucose 
but not the glycolysis of glucose-6-phosphate, fructose-(-phosphate, or 
HDP. Racker and Krimsky suggested that sodium ions might act by 
inhibiting the phosphorylation of glucose; yet the test systems employed 
for the assay of hexokinase have consisted of sodium salts (21, 22). The 
explanation is also complicated by the observation that phosphocreatine 
neutralized the sodium effect (19). A multiplicity of factors influencing 
the hexokinase reaction has been reported by the Cori group and include 
reduced DPN (23), guanine (24), and insulin (25). Whether these factors 
are limiting in a fresh homogenate remains to be seen. 

For the present, we have circumvented the hexokinase reaction by using 
HDP as the starting point for glycolysis, which has been studied in terms 
of the oxygen uptake resulting from the oxidative step. Racker and Krim- 
sky (19) had obtained the oxygen uptake in a similar system but had not 
added cytochrome ¢ to complete the hydrogen transport system. We 
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observed marked stimulation of oxygen uptake by the addition of cyto- 
chrome c and found that the amount we had previously established for the 
Krebs oxidations was an appropriate level (Table VIII). Confirming 
the results of Racker and Krimsky, we found that acid production due to 
glycolysis quickly lowers the pH to below the optimum, and, like them, 
we have been able to control the pH by adding bicarbonate. It was 


Tasie VIII 
Effect of Cytochrome c on Hexose Diphosphate Oxidation 
Conditions as in Table VII, except that 0.2 ml. of 0.1 mM sodium bicarbonate was 
added and 0.3 ml. of kidney homogenate was used. Glucose, HDP, and fluoride 
were present. Phosphate and eytochrome ¢ varied as shown. Oxygen uptake in 
20 minutes. 


1 X 10-4 m cytochrome ¢ per flask 
Addition, m/30 phosphate —s . ae ; a 


None 0.1 ml. 0.4 ml, 
ml microliters Ox» microliters Ov microliters O» 
0.1 36.5 56.0 56.6 
0.6 46.4 78.4 86.6 
TasBLe IX 


Effect of Sodium Bicarbonate on Hexose Diphosphate Oxidation 
Conditions as in Table VII, except as otherwise indicated. Glueose, HDP, and 
fluoride were present in all flasks. 


Experi- , 0.1 Mm sodium bicarbonate per flask 
‘aunt Homo- Phos 
No rena te phate . 
0.1 ml. 0.2 ml. 0.3 ml. 0.4 ml, 0.5 ml. 1.0 ml. 
ail ad microliters. microliters' microliters. microliters, microliters. microliters| microliters 
= ‘ Ov Ov O» Or Ov | 2 
1 0.3 0.1 35.1 75.3 | 65.2 
2 0.3 0.6 71.5 86.6 91.6 
3 0.2 0.1 50.7 53.8 | 56.9 
3 0.2 0.3 57.3 58.8 | 57.8 
3 0.2 0.6 64.1 63.0 64.5 


found that when the pH was held at 7.3 to 7.6 by means of 0.2 to 0.4 
ml. of 0.10 m bicarbonate, the maximum stimulation of oxygen uptake 
occurred (Table IX). The bicarbonate addition results in CO, evolution 
when acid is formed, and by empirically’ establishing the amount of bicar- 

° If acid is not formed, the reaction becomes alkaline, since the bicarbonate loses 
CO: to the center cup (26). The amount of bicarbonate must therefore be controlled 
for each experimental set-up. It is clear that the ability of bicarbonate to neutralize 


acid is extremely important in the “‘stimulation’’ 
(28) by this substance. 


- 


of respiration (27) and glycolysis 
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bonate it is evidently possible to absorb the CO, in the center cups as 
rapidly as it is formed so that the pressure changes represent oxygen up- 
take. Other methods of controlling the pH as well as the factors involved 
in the phosphorylation of glucose are under study. However, with the 
present system with bicarbonate, the oxygen uptake on HDP is about 
equal to the oxygen uptake on the three substrates shown in Fig. 2. The 
use of nicotinamide to inhibit DPN destruction is very important in brain 
homogenates (17-20) but has little effect on kidney glycolysis, probably 
because kidney contains less DPNase (29). 


DISCUSSION 


The results in this paper and the two preceding papers (4, 5) establish 
the fact that it is possible to demonstrate oxidative phosphorylation in 


homogenates with a variety of tissues and substrates and provide a basis’ 


for the use of certain analytical methods, principles, and precautions. The 
system has been shown to be capable of maintaining the ATP reservoir 
for some 20 to 30 minutes in the absence of fluoride with homogenates of 
rat kidney, and may therefore be useful for the study of reactions which 
utilize ATP energy as well as for the study of the reactions which result 
in ATP synthesis. It is by no means certain that the optimum quantity 
of essential reactants is established, and possibly there are essential reac- 
tants of unknown identity. 

Attempts have been made to coordinate this work with the studies by 
Utter et al. (17, 18) and by Racker and Krimsky (19, 20) so that the inter- 
play of the glycolytic and oxidative systems can be studied. The level 
of inorganic phosphate which can be attained by the oxidation of the sub- 
strates in the Krebs cycle is quite low and definitely falls within the range 
which Warburg and Christian found to influence the oxidative step in gly- 
colysis (30). The level of phosphate used in the other studies on glycolysis 
(17-20) was much higher than the levels used in this work and certainly 
could not have limited the rate of glycolysis. 

The techniques described in this paper provide a method for evaluating 
the ability of various tissues to oxidize different substrates with the pro- 
duction of phosphate bond energy, but the significance of the data cannot 
be interpreted as an assay of any single enzyme for a number of reasons. 
The simpler oxidative systems previously studied could be considered as 
having only three (12) or five (13) components, and it was relatively easy 
to saturate each enzyme with its proper reactant and to decide which bio- 
catalyst was limiting the over-all rate of reaction. In the oxidative phos- 
phorylation systems, the number of biocatalysts is much greater, and the 
intermediate steps are not as well understood. In the oxidative systems 
the hydrogen carriers (31) have to be in a state of dynamic balance with 
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an oxidized fraction and a reduced fraction, each present in sufficient 
amounts to saturate a specific reductant and a specific oxidant, respectively. 
Ordinarily this can be accomplished by adding enough of the carrier to 
saturate the enzyme that reacts with the smaller fraction of the carrier 
(12, 13). The situation is evidently analogous in the phosphorylation 
systems to the extent that the phosphate transfer is effected by one or more 
phosphate carriers (in the present work, ATP) which are in a state of 
dynamic balance between specific phosphate acceptors and donors. But 
the technical problem of establishing the identity of a limiting reaction 
in the coupled oxidative phosphorylation system cannot be solved in a 
manner analogous to that of the hydrogen transport system simply by 
adding a saturating amount of substrate (phosphorylated intermediate)® 
and phosphate carrier, however, because of the presence of phosphatases 
which hydrolyze the phosphorylated compounds. The fact that these 
compounds can be acted upon by phosphatases as well as by the trans- 
phosphorylases makes the coupled systems considerably more complicated 
than the simple oxidative systems. The hydrolytic reactions constitute 
“leaks” which decrease the yield of transferable high energy phosphate 
((4, 5); see also (14)). It seems likely that in vivo these leaks are controlled 
either by (1) factors affecting the activity of the phosphatases or (2) by 
keeping the concentration of the phosphorylated compounds at a level 
that is high enough to react with the specific phosphate donors and accep- 
tors, but too low to react to a very great extent with the phosphatases. 
Thus from the technical standpoint we are never able to saturate completely 
the coupling systems because, as the concentration of the phosphorylated 
compounds is increased, the “leaks” increase also. The concentrations 
of ATP and oxidizable substrates employed are therefore a compromise 
and merely represent the levels at which the net phosphate uptake appears 
to be the best. The use of radioactive phosphorus might permit the meas- 
urement of the absolute rate of uptake. 

In a system which includes many enzymes and cofactors an apparent 
lack of activity may be due to the absence of any one of a number of com- 
ponents and is therefore of little significance (cf. (17)). However, by 
adding proper amounts of as many of the known components as possible, 
one can increase the chances of obtaining measurable activity, and any 
activity obtained will constitute a minimum value for the concentration 
of the biocatalysts that are not added in excess. 

While the activity obtained in the present work cannot be taken as an 
assay of any particular biocatalyst, the number of possibilities has been con- 


® The phosphorylated intermediates which are the donors for the transphospho- 
rylation system are the products of oxidations which occur in the hydrogen trans- 
port system. 
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siderably decreased, and unless an unknown cofactor is limiting, it probably 
constitutes a rough measure of the transphosphorylating enzymes which 
couple oxidation with phosphorylation. 


SUMMARY 


1. Trichloroacetic acid extracts of reaction mixtures in which enzymatic 
oxidative phosphorylation occurred were analyzed for “true’’ inorganic 
phosphate by the direct method of Lowry and Lopez and by the indirect 
method of Fiske and Subbarow on fractions in which the inorganic phos- 
phate was separated by calcium precipitation. Agreement between the 
two methods was excellent and it was concluded that the Lowry-Lopez 
method is suitable for studies on oxidative phosphorylation when identifi- 
cation of the compounds containing bound phosphate is not required. 

2. In experiments in which the bound phosphate was largely accounted 
for as phosphocreatine it was shown that the bound phosphate was not 
significantly split off in 7 per cent trichloroacetic acid extracts at 0° over 
a period of several hours, which was more than ample time for the necessary 
manipulations. 

3. The components of the reaction mixture employed for the study of 
oxidative phosphorylation in tissue homogenates were given in detail. 
Data showing the necessity of adding the fluoride last and for avoiding the 
presence of calcium ions were presented. 

4. By emploving several oxidizable substrates at once it was shown that 
summation of the several pathways of oxidative phosphorylation could 
be obtained. 

5. When succinate, lactate, and glutamate were oxidized in the presence 
of diphosphopyridine nucleotide, homogenates of rat kidney were able to 
take up inorganic phosphate as rapidly as adenosine triphosphate was 
hydrolyzed, over a period of about 20 minutes, in the absence of fluoride. 
It was shown that fluoride inhibited ATP breakdown, but not ATP syn- 
thesis, under these conditions. 

6. Glucose was not converted to hexose diphosphate by this system at 
a rate which would permit the maintenance of the ATP reservoir by the 
oxidation of HDP. When pure HDP was added to the system, a greatly 
increased rate of oxygen uptake was obtained and inorganic phosphate 
was esterified. The acidity resulting from glycolysis was shown to inhibit 
the oxygen uptake, and methods of controlling this acidity were discussed. 


This work was made possible by the availability of supplies of purified 
adenosine triphosphate, diphosphopyridine nucleotide, and hexose diphos- 
phate, which were all generously provided by my colleague, Dr. G. A. 
LePage. 
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Addendum—All of the work reported in this paper was done with water homog- 
enates because it was thought that isotonic homogenates contained a large propor- 
tion of whole cells on the basis of the “cytolysis quotient” (7). It has now been 
found that the ‘cytolysis quotient” is a measure of the integrity of some subcellular 
entity rather than the whole cell, and that our isotonic homogenates contain very few 
whole cells. Isotonie KC] homogenates of liver will oxidize oxalacetic acid rapidly 
and will esterify inorganic phosphate concomitantly, while water homogenates will 
do neither. A comparison of water and isotonic homogenates with other tissues and 
substrates is being made. 
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During the past decade there has been an increasing interest shown in 
the study of electrolyte balance. Magnesium, however, has played a 
minor réle in these studies. There are perhaps two reasons for this; 
first, that serum magnesium levels remain fairly constant and, second, 
that magnesium determinations require special technique and equipment 
and are time-consuming procedures as well. 

There have been three major methods used for the determination of 
serum magnesium, the molybdenum blue, titan yellow, and hydroxy- 
quinoline methods. 

Molybdenum Blue—Briggs (1) and Denis (2) simultaneously reported 
methods for the determination of serum magnesium based upon the pre- 
cipitation of magnesium as magnesium ammonium phosphate, with sub- 
sequent estimation of the phosphate by the molybdenum blue method. 
The above procedures were employed in this laboratory with the modi- 
fications for phosphate determination used by Kuttner and Cohen (8) 
and Youngburg and Youngburg (4). The molybdenum blue method was 
abandoned chiefly because of instability of the color. A more complete 
discussion of this is given in a publication (5) in which the molybdivanadate 
method, as outlined by Kitson and Mellon (6), was used for the estimation 
of serum phosphate. 

Titan Yellow—The titan yellow method is based on the fact that mag- 
nesium imparts a pink color to an alkaline solution of the dye (7). The 
clinical method of Hirschfelder and Serles (8) and the modification of 
Haury (9) were used, but difficulty was encountered because of the mixture 
of pink and yellow colors. In addition, the color was markedly affected 
by variations in pH and salt concentration. 

Hydroxyquinoline—Hahn (10) and Berg (11) introduced the use of 
8-hydroxyquinoline for the determination of magnesium. The method 
was further modified by the bromination technique of Bomskov (12), 
Greenberg and Mackey (13), and Velluz (14). Hoffman (15) discarded 
the bromination method in favor of a colorimetric procedure in which 
hydroxyquinoline combines with ferric ions in weak hydrochloric acid 
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solution to form a blue-green color. Magnesium hydroxyquinolinate 
consists of such light weight material that it is extremely difficult to handle 
either by filtration or centrifugation and special care is necessary to avoid 
loss. This was the main reason for discarding the method. 

In the method devised in this laboratory, a serum magnesium determi- 
nation (after removal of the calcium) can be completed in 3} hours. Only 
ordinary laboratory equipment is required. The method is based on the 
following principle: ‘magnesium is precipitated as magnesium ammonium 
phosphate and the phosphate component is estimated by the yellow 
color produced upon addition of vanadate and molybdate. 


Procedure 


Reagents— 
1. Redistilled water (from an all-glass still) or distilled water known 


to be phosphate-free. This water was used for the preparation of 
all reagents. 

2. Ammonium oxalate, 4 per cent aqueous solution. 

3. Potassium dihydrogen phosphate, 2 per cent aqueous solution. 

4. Concentrated ammonium hydroxide, redistilled. 

5. Nitric acid (1:2), 1 volume of concentrated (redistilled) nitric acid 
plus 2 volumes of water. 

6. Ammonium molybdate, 5 per cent aqueous solution. Do not heat 
above 50°. 

7. Acid ammonium vanadate, 0.25 per cent solution in 1:2 nitrie acid. 
Dissolve 1.25 gm. of ammonium vanadate in approximately 200 ml. of 
1:2 nitric acid and heat until solution is complete. Allow the mixture 
to cool to room temperature and make up to a volume of 500 ml. with 
1:2 nitric acid. 

8. Magnesium wash reagent. ‘To 200 ml. of 95 per cent ethyl! alcohol, 
add 50 ml. of redistilled ammonium hydroxide and make up to a volume 
of 1000 ml. with water. 

9. Phosphate standard. Dissolve 0.560 gm. of reagent grade potassium 
dihydrogen phosphate (previously dried to constant weight) in redistilled 
water and make up to a volume of 1 liter. 1 ml. of this solution contains 
an amount of phosphorus equivalent to 100 y of magnesium. Suitable 
dilute standards (aqueous) are prepared from the stock solution to give 
a range of 10 to 80 y of magnesium per ml. 

It was found necessary to redistil both the nitric acid and ammonium 
hydroxide, as invariably stock bottles of either of these reagents, even 
though labeled reagent grade, were contaminated with phosphate. 

The 2 per cent phosphate and magnesium wash reagents were these used 
by Soffer et al. (16). 
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Procedure for Serum—Measure into a 15 ml. graduated centrifuge tube 
2 ml. of unhemolyzed serum; add 2 ml. of water and 1 ml. of 4 per cent 
ammonium oxalate (17). Mix thoroughly and allow to stand for 2 hours. 
Centrifuge for 10 minutes at 2500 to 3500 r.p.m. Transfer the super- 
natant fluid to another centrifuge tube, being careful to remove all the 
solution possible without disturbing the precipitate. (Serum calcium 
may be determined on the calcium oxalate precipitate by the standard 
permanganate procedure.) To the calcium-free solution add 1 ml. of 
2 per cent potassium dihydrogen phosphate and mix by agitation or 
swirling. Then add 1 ml. of concentrated ammonium hydroxide, invert, 
shake vigorously for 30 seconds, stopper, and allow to stand for 2 hours. 
At the end of this period the magnesium has been precipitated completely 
as magnesium ammonium phosphate, provided the shaking has been 
thorough. The tube is then centrifuged for 10 minutes at 3500 R.P.M., 
the supernatant fluid decanted, and the tube allowed to drain in the 
inverted position for 5 minutes. The precipitate and sides of the tube 
are washed with 5 ml. of magnesium wash reagent and the tube centrifuged 
as above. Two washings are necessary. After the final drainage the tube 
and contents are dried in an cven at 100° for 20 to 30 minutes to remove 
the alcohol. 

To the dried precipitate in the centrifuge tube add 1 ml. of the acid 
vanadate reagent and agitate until the precipitate is completely dissolved. 
Then add 8 ml. of water and 1 ml. of 5 per cent ammonium molybdate. 
One may add the molybdate directly to the acid vanadate but, because 
of the noxious fumes arising, it is preferable to add the water first. Mix 
by inversion, allow to stand 5 minutes, transfer to a colorimeter tube, 
and read at a wave-length of 420 my. A blank, with 1 ml. of acid vanadate 
and 1 ml. of molybdate in a volume of 10 ml., is made simultaneously. 
The reading of the test solution after subtraction of the blank is referred 
to the standard curve and the number of micrograms of magnesium in 
the sample is calculated. This value multiplied by the factor 0.05 gives 
the mg. of magnesium per 100 ml. of serum. 

Standard Curve—Suitable dilute standards were prepared from the stock 
solution such that the various samples contained amounts of phosphate 
equivalent to from 10 to 80 y of magnesium. 1 ml. of the acid vanadate 
reagent and | ml. of the ammonium molybdate were added and the samples 
made to a volume of 10 ml. The optical densities were determined at 
a wave-length of 420 my in the Beckman quartz spectrophotometer, 
with 1.00 em. Corex cells. 

All results published in this paper were calculated from the cptical 
densities observed in the Beckman spectrophotometer. Each magresium 
determination was made in duplicate. 
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Results 


Phosphate Standards—The optical densities of the standard curve, 
with the acid vanadate reagent, are given in Table I. In addition, a 
comparison is given of the optical densities of both KH:PO, and 
MgN H,4PQ, when the aqueous vanadate solution described in the phosphate 
method (5) was used. 

Three observations are to be made from Table |. (1) All three solutions 
follow Beer’s law over a range of 5 to 80 y of magnesium. (2) The optical 
densities of both KH,PO, and MgN H,4PQ, solutions, calculated to contain 
equivalent amounts of magnesium, are identical. (3) The optical densities 


TABLE [| 


Optical Densities (Corrected for Blank) of KH:PO, and MgNH,PO, with Acid and 
Aqueous Vanadate Solulions 


The readings were made in a Beckman spectrophotometer at 420 my. 


' 


Magnesium* KH2PO, + acid vanadate REDO, + equeses mete 
| 
7 
5 0.037 0.036 
10 0.073 0.072 0.071 
20 0.144 0.140 0.143 
30 0.214 0.211 0.215 
40 0. 286 0.281 0. 286 
50 0.354 0.352 0.355 
60 0.421 0.424 0.423 
70 0.498 0.494 0.501 
80 0.566 0.565 0.568 
Blank 0.032 0.024 0.025 





* Either the amount of magnesium equivalent to the phosphate used in the phos- 
phate standards, or the amount of magnesium calculated to be present in the 
MgNH,PO,. 


of the standard curve (KH:PQ,), after correction for the blank, are identical 
whether one uses the acid vanadate reagent or the aqueous vanadate 
solution. 

Since a comparison of the optical densities of phosphate solutions over 
an 8 month period, with both the acid and aqueous vanadate solution, 
gave identical results, the use of the aqueous reagent has been abandoned. 
The only significant difference in the use of the two reagents is that the 
value of the blank is slightly higher for the acid vanadate. 

The spectrophotometric data have previously been given (5), particularly 
in Figs. 2 and 3 of that paper, and need not be repeated here. 

If the standard curve is prepared from readings taken on a Klett-Summer- 
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son photoelectric colorimeter or a Coleman junior spectrophotometer, 
the curve is not strictly linear. This is attributable to characteristics 
of these two instruments, namely, the filter and photocell. For clinical 
purposes these colorimeters are suitable provided proper precautions are 
observed in setting up the standard curve. 

Color Stability—In the paper on phosphate determination (5) it was 
stated that the color of the blanks and test solutions was reproducible 
and stable for periods of at least 24 hours. This study has now been 
extended over a period of 4 days. During this time interval there is a 
slow increase in the optical density of both the blank and the test solutions. 
At the end of 4 days, however, the largest error due to this increase in 
color is only 1.5 per cent and well within the limits of error claimed for 
the method. Moreover, the increase in the value of the blank is not 
always concomitant with the increase observed in the test solution. The 
authors feel that this error is of minor significance, since colorimetric 
readings are usually made within a period of 1 or 2 hours after color de- 
velopment has been attained. 

Effect of Time on Precipitation of Magnesium—lIn the precipitation of 
magnesium as magnesium ammonium phosphate it has long been the 
custom to allow precipitation to take place overnight, a period of approxi- 
mately 16 hours. Preliminary studies with solutions of magnesium alone 
showed very little difference in recoveries during 2, 4, or 16 hour periods 
of precipitation when the technique already described was used. In 
order to prove that a 2 hour precipitation period was sufficient and could 
also be applied to the determination of magnesium in serum, known 
amounts of magnesium were added to serum and the precipitation of mag- 
nesium carried out at 2 and 16 hour intervals. Four series of determi- 
nations were made in which magnesium as magnesium chloride, in amounts 
ranging from 10 to 80 y, were added to 2 ml. of serum. Calcium was 
removed and the magnesium determined in duplicate in each sample. 
The temperature at which precipitation was carried out ranged from 
20-25°. 

The average values for the four series are given in Table II. The 
results show that there is no significant difference in the 2 and 16 hour 
periods; the average deviation from the calculated value was +0.6 per 
cent for the 2 hour and +0.5 per cent for the 16 hour period. The maxi- 
mum deviation of any one series ranged from —1.3 to +2.5 per cent. 

In addition, precipitation of magnesium was carried out for 24 and 48 
hour periods. The results were similar to those above if the temperature 
range was also similar. 

Table III shows the results on a dozen sera in which magnesium was 
precipitated at 2 and 16 hour intervals. The 16 hour precipitation gave 











44 DETERMINATION OF SERUM MAGNESIUM 


lower values in five cases, higher in two, and identical results in the other 
five cases. The differences are typical of a larger series and also show that 
there is no significant difference when the 2 hour precipitation is employed 
for the determination of magnesium in serum, 














Taste II 
Recovery of Magnesium Added to Serum; Comparison of 2 and 16 Hour Precipitations 
2 hr. precipitation; 2 ml. serum 16 hr. precipitation; 2 ml. serum 
Mg added bnM OP OE 3h a al = Saas ss 
Mg found Mg calculated Recovery Mg found Mg calculated Recovery 
Y 7 7 per cent ¥ Y per cent 
0 46.0 44.1 
10 55.5 56.0 99.1 54.7 54.1 101.1 
20 66.4 66.0 100.6 64.5 64.1 100.6 
30 75.2 76.0 98.9 74.1 74.1 100.0 
40 85.9 86.0 99.9 84.1 S4.1 100.0 
50 96.5 96.0 100.5 93.7 94.1 99.6 
60 105.3 106.0 99.3 103.1 104.1 99.4 
70 116.9 116.0 100.8 113.5 114.1 99.5 
80 126.5 126.0 100.4 123.0 124.1 99.1 
Average error.... +0.6 +0.5 
TaBLe III 
Comparison of 2 and 16 Hour Precipitations of Magnesium in Serum 
Patient No. 2 hrs. 16 hrs. 
ome as. per cent | mc. per cent 
1 1.8 | 1.7 
2 2.1 2.1 
3 2.0 1.9 
4 2.1 2.0 
5 2.1 2.0 
6 2.2 2.1 
7 2.1 2.1 
S 1.9 2.0 
i) 2.0 2.0 
10 2.1 2.1 
11 2.1 2.2 
12 1.8 1.8 





Neubauer (18) showed that when magnesium is precipitated as mag- 
nesium ammonium phosphate in the cold the results are sometimes high, 
while at other times the results are low. A series of 2 and 16 hour pre- 
cipitations of magnesium added to serum was carried out at 4°, 25°, and 
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37°, The results at 25° and 37° were identical for both time intervals. At 
4° the magnesium content ranged from 3 to 4 per cent higher, showing 
that the lower temperature does affect the nature of the precipitate formed. 
The magnesium ammonium phosphate formed at ordinary laboratory 
temperatures was probably slightly contaminated with the tribasic phos- 
phate, Mgs(PO,)2, which may have formed because of the lower temper- 


TaBLe IV 
Serum Magnesium Values of Normal Adults 





Mg per 100 ml. serum 


























Patient No “al es Ses a 
Males Females 

mg. meg. 

1 2.0 1.8 
2 2.0 2.1 
3 2.0 2.1 
4 2.1 2.0 
5 2.1 2.2 
6 3.9 1.8 
7 1.9 1.9 
8 2.3 2.2 
9 2.1 2.1 
10 1.9 2.0 
1] 1.8 1.8 
12 2.2 2.3 
13 2.0 2.0 
14 2.2 2.0 
15 2.3 1.8 
16 2.0 1.8 
17 2.0 2.1 
18 3.3 1.9 
i9 2.0 1.7 
20 2.0 ™ 2.1 
2) 1.9 1.9 

Dc ivtatnedwes cues 2.06 1.98 





ature used. This would readily account for the higher values obtained 
when the precipitation was carried out at 4°. 

Recovery of Magnesium Added to Serum—The results in Table IT show 
the excellent recovery of magnesium added to serum as well as a comparison 
of the 2 and 16 hour periods of precipitation. In addition to magnesium 
chloride, recovery studies were made in which magnesium ammonium 
phosphate was added in amounts ranging from 10 to 80 y of magnesium. 
With the latter compound the recoveries all showed a positive deviation 
but the maximum error in any one of the three series was +2.5 per cent. 
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Serum Magnesium of Normal Adults—Blood samples were obtained 
from approximately the same members of the laboratory staff as in the 
phosphate determinations (5). There were forty-two adults in the group, 
ranging in age from 20 to 60 years. There was equal distribution between 
the sexes. The values obtained ranged from 1.7 to 2.3 mg. of magnesium 
per 100 ml. of serum. The results are given in Table IV. 


DISCUSSION 


The results obtained by this-new method show a much narrower range 
than those reported by the majority of other workers. Average values 
or normal ranges (mg. per cent) in close agreement with those reported in 
this paper are given by Briggs (1), 2.23 to 2.50; Denis (2), 2.0; Weissenbach 
et al. (19), 1.8 to 2.2; Roy (20), 2.48; and Kramer and Tisdall (17), 1.80 to 
2.30. Of the authors using the hydroxyquinoline method, those whose 
results are in closest agreement with values by the vanadate method are 
Hoffman (15), 1.90 to 2.50; Bomskov (21), 1.7 to 2.6; and Velluz and 
Velluz (22), 1.60 to 2.40. Greenberg and his associates (23) report a 
higher range, 2.0 to 3.6. With the exception of the values reported by 
Hirschfelder and Haury (24), 1.80 to 2.40, results by the titan yellow 
method show the greatest discrepancy from the values reported in this 
paper as judged from the results of Haury (25), 1.74 to 3.10, and Bernstein 
and Simkins (26), 1.23 to 3.54. 

Haury (27) has given a thorough review of the variations in serum 
magnesium in health and disease. Because of the wide variations reported 
by the different methods used for its determination, many of the studies 
reported should be reevaluated. 

It is our belief that normal magnesium levels cover a very narrow range 
and remain fairly constant. In spite of many reports of the variations of 
magnesium in different diseases, little is known about its exact physiological 
function. Further studies are necessary and should prove to be of sig- 
nificant value. 

The advantages of the method, herein reported, are as follows: (1) after 
removal of the calcium, a serum magnesium determination may be com- 
pleted in approximately 3} hours, (2) the technique is simple and no special 
equipment is needed, (3) the color is stable over a long period of time and 
duplicate determinations show excellent agreement, and (4) the error 
of the method as determined by the recovery studies gives an average 
deviation of +0.55 per cent from the calculated value. 


SUMMARY 


1. A method is described in which magnesium is precipitated from 
serum as magnesium ammonium phosphate with subsequent determination 
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of the phosphate component by the molybdivanadate procedure. After 
removal of the calcium, a magnesium determination may be completed 
in 34 hours. Only ordinary laboratory equipment is necessary. 

2. The solutions obey Beer’s law and the method may be used for 
concentrations of magnesium ranging from 10 to 80 y. 

3. The maximum error of the method ranges from —1.3 to +2.5 per 
cent, with an average deviation of +0.55 per cent from the calculated 
value. 

4. The serum magnesium in forty-two normal adult males and females 
(sex distribution being equal) ranged from 1.7 to 2.3 mg. per 100 ml. 
The values for females were only slightly lower than those for males. 


BIBLIOGRAPHY 
1. Briggs, A. P., J. Biol. Chem., 52, 349 (1922). 
2. Denis, W., J. Biol. Chem., 52, 411 (1922). 
3. Kuttner, T., and Cohen, H. R., J. Biol. Chem., 75, 517 (1927). 
4. Youngburg, G. E., and Youngburg, M. V., J. Lab. and Clin. Med., 16, 158 (1930). 
5. Simonsen, D. G., Wertman, M., Westover, L. M., and Mehl, J. W., J. Biol. Chem., 
166, 747 (1946). 
6. Kitson, R. E., and Mellon, M. G., Ind. and Eng. Chem., Anal. Ed., 16, 379 (1944). 
7. Kolthoff, I. M., Biochem. Z., 185, 344 (1927). 
8. Hirschfelder, A. D., and Serles, E. R., J. Biol. Chem., 104, 635 (1934). 


9. Haury, V.G., J. Lab. and Clin. Med., 23, 1079 (1938). 
10. Hahn, F. L., Z. angew. Chem., 39, 1198 (1926). 
ll. Berg, R., Z. anal. Chem., 71, 23 (1927). 
12. Bomskov, C., Z. physiol. Chem., 202, 32 (1931). 
13. Greenberg, D. M., and Mackey, M. A., J. Biol. Chem., 96, 419 (1932). 
14. Velluz, L., Compt. rend. Soc. biol., 116, 253 (1934). ’ 
15. Hoffman, W.S., J. Biol. Chem., 118, 37 (1937). 
16. Soffer, L. J., Cohn, C., Lesnick, G., Sobotka, H., and Jacobs, M., J. Clin. Invest., 
23, 263 (1944). 
17. Kramer, B., and Tisdall, F. F., J. Biol. Chem., 47, 475 (1921). 
18. Neubauer, H., Z. angew. Chem., 9, 439 (1896). 
19. Weissenbach, R. J., Lievre, J. A., and Wolff, R., Bull. et mém. Soc. méd. hép. 
Paris, 55, 246 (1939). 
20. Roy, A., Ann. Biochem. and Exp. Med., 2, 1 (1942). 
21. Bomskov, C., J. Biol. Chem., 99, 17 (1932-33). 
. Velluz, L., and Velluz, J., Compt. rend. Soc. biol., 117, 417 (1934). 
. Greenberg, D. M., Lucia, 8. P., Mackey, M. A., and Tufts, E. V., J. Biol. Chem., 
100, 139 (1933). 
. Hirschfelder, A. D., and Haury, V.G., Arch. Neurol. and Psychiat., 40, 66 (1938). 
. Haury, V. G., J. Lab. and Clin. Med., 26, 340 (1940). 
. Bernstein, M., and Simkins, 8., J. Lab. and Clin. Med., 26, 521 (1940). 
- Haury, V. G., J. Lab. and Clin. Med., 27, 1361 (1942). 


SkRKE SE 

















THE METABOLIC INTERRELATIONS OF THYROXINE AND 
DITIODOTYROSINE IN THE THYROID GLAND AS SHOWN BY 
A STUDY OF THEIR SPECIFIC ACTIVITY-TIME RELATIONS 
IN RATS INJECTED WITH RADIOACTIVE IODINE* 


By ALVIN TAUROG anp I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, Berkeley) 
(Received for publication, March 6, 1947) 


The evidence in support of the hypothesis that thyroxine is formed 
in the thyroid from tyrosine with diiodotyrosine as an intermediate has 
recently been reviewed by Harington (1). The presence of relatively 
large amounts of diiodotyrosine in the thyroid gland and, in particular, 
the finding that natural thyroxine and natural tyrosine are configuratively 
related are considered by him to favor strongly such a mechanism. Further 
support is offered by the isolation of thyroxine from iodinated proteins 
(2-4) and by the finding that thyroxine is formed during the prolonged 
incubation of diiodotyrosine in a slightly alkaline solution (5-10). 

Zilversmit ef al. have devised a procedure based on the use of labeling 
agents for testing whether one compound in a tissue is a precursor of another 
(11). This involves a study of changes in the specific activities of the 
two compounds with time. With the aid of methods recently developed 
in this laboratory for fractionating the iodine in as little as 20 mg. of thyroid 
tissue (12) and with the aid of radioactive iodine, it became possible to 
apply this procedure to a study of the interrelations of diiodotyrosine and 
thyroxine in the thyroid glands of the rat. 


EXPERIMENTAL 


Rats of the Slonaker and Curtis-Dunning strains weighing 180 to 250 
gm. were used in this study. All had been raised on the same diet. Each 
rat received by way of the tail vein 0.5 to 1.0 cc. of an isotonic solution 
containing 20 microcuries of I'*' per cc. with no I'*’ carrier. The rats 
were sacrificed in groups of three or four at the following intervals there- 
after: 15 minutes, | hour, 4, 14, and 50 hours. 

Fractionation of Iodine--The rats were anesthetized with nembutal, 
bled by severing the heart and great vessels, and their thyroids removed. 
The glands were then rapidly weighed and homogenized with 1 cc. of 
cold 10 per cent trichloroacetic acid in a small glass homogenizer. The 
homogenate together with the water washings used in its preparation 


* Aided by a grant from the Committee for Research in Endocrinology of the 
National Research Council. 
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50 RADIOACTIVE IODINE IN THYROID GLAND 
was transferred to a graduated centrifuge tube. The protein precipitate 
was separated by centrifugation and washed once with 5 cc. of 5 per cent 
trichloroacetic acid. The supernatants were combined for the determina- 
tion of non-protein-bound iodine. The precipitate was hydrolyzed with 
1 ee. of 2 N NaOH on the steam bath for 10 hours and separated into diio- 
dotyrosine and thyroxine fractions in the manner previously described 
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Total | — und | frac- — bound | oy oy hound “frac- — bout 
| tion | ‘tion _ tion | ‘tion tion i tion | ‘tion | —_ tion | ‘tion | ~ 
hrs | + hie 3 & 
| 
0.25 {1.55 | 0.22} 1.26) 0.07] 14.5) 81.1) 4.4 | 2.9 7.5 | 0.43] 27| 69/| 4 
0.25 | 1.64 | 0.21) 1.35) 0.08) 12.9] 82.0) 5.1 | 4.1 |10.4 | 0.51] 27| 69) 4 
0.25 | 1.54 | 0.16) 1.31) 0.08) 10.0) 85.0) 5.0 | 3.3 | 8.3 0.49) 27) 68) 5 
1 4.22 | 0.66| 3.45] 0.10} 15.6] 82.1] 2.3 | 2.5 | 7.6 | 0.40] 24) 72] 4 
j | | } | 
1 4.47 | 0.82) 3.53) 0.12) 18.3) 79.0) 2.7 | 2.8 | 7.8 | 0.53) 25| 70) 5 
1 3.37 | 0.601 2.68| 0.09] 17.9| 79.3] 2.8 | 2.8 | 7.4} 0.35] 27! 70] 3 
1 | 3.61 | 0.66) 2.84) 0.12) 18.2) 78.7] 3.1 | 4.5 11.4) 0.57) 27) 69) 4 
4 9.60 | 2.1 | 7.33) 0.21) 21.7) 76.1) 2.2 | 3.5 | 8.3) 0.41) 29) 68) 3 
4 7.43 | 1.4 | 5.91) 0.13) 18.5) 79.7] 1.8 | 2.4) 6.8] 0.40) 25) 71! 4 
4 |8.10| 1.4] 6.57| 0.14 17.1) 81.1] 1.8 | 2.7 | 7.7 | 0.43] 25) 71 | 4 
14 16.3 | 4.3 |11.7 | 0.29 26.1) 72.1) 1.8 | 4.7 10.9 | 0.67) 29) 67) 4 
14 19.5 | 4.9 |14.4 | 0.31) 24.8) 73.7) 1.5 | 4.2 10.0 | 0.78) 28) 67) 5 
14 19.2 | 4.5 [14.3 | 0.38) 23.3] 74.7] 2.0 | 5.0 12.0 | 0.86} 28 | 67 ls 
14 21.4 | 5.7 [15.3 | 0.39) 26.4) 71.7] 1.9 | 3.2) 8.6 | 0.78) 25) 68) 7 
50 11.9 | 3.3 | 8.35) 0.22) 28.0] 70.1) 1.9 | 3.2 8.8 0.71) 25) 69) 6 
50 12.9 | 3.5 | 9.20) 0.16) 27.4) 71.3) 1.3 | 2.7 | 6.5 | 0.32) 28| 68) 4 
5O 10.5 | 2.8 | 7.55) 0.15) 26.4) 72.1) 1.4) 2.5 8.1) 0.31) 23) 74) 3 
50 13.5 | 3.6 | 9.70) 0.22) 26.3) 72.0) 1.7 | 2.5 | 7.7 | 0.30) 24) 73 | 3 
(12). The amounts of iodine and the radioactivity in each fraction were 


then determined. 
Results 


Uptake of Radioactive Iodine—The percentages of the administered 
I'3! recovered in the different iodine fractions of the gland are shown in 
Table I. In 15 minutes the thyroid glands already contained 1.5 per 
cent of the injected dose. The maximum uptake of total iodine (about 
20 per cent of the injected dose) occurred between 14 and 50 hours. 

Distribution of Chemical Iodine (I**7)—The percentages of the gland’s 
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iodine present in the various fractions are shown in Table I. The dis- 
tribution of the iodine between the thyroxine and diiodotyrosine frac- 
tions was found to be strikingly constant in the different animals. The 
thyroxine iodine varied only from 23 to 29 per cent of the total; the mean 
was 26 and its standard error 0.43. Diiodotyrosine iodine varied from 
67 to 74 per cent, with a mean and standard error of 69 + 0.48. These 
findings agree well with the results of a previous report from this laboratory 
in which it was demonstrated that not only is there a constant percentage 
of the total iodine present in the thyroxine fraction but this percentage 
remains constant even when the total gland iodine is augmented by in- 
creasing the iodine intake (13). 

Distribution of Radioactive Iodine (I'*!)—There was also a fairly constant 
distribution of radioactive iodine between the thyroxine and diiodotyrosine 
fractions of the thyroid at each interval. The exceedingly rapid rate 
of appearance of the injected ['*' in the organic iodine fraction, however, 
was unexpected. As early as 15 minutes after the injection, 95 per cent 
of the radioactivity present in the thyroid was precipitable with tri- 
chloroacetic acid, and therefore presumed to be organically bound. At this 
early interval the greatest part of the activity, namely over 80 per cent, 
was already in the diiodotyrosine fraction, whereas 10 to 15 per cent was 
in the thyroxine fraction. At all intervals up to 50 hours the fraction of 
radioiodine precipitable as trichloroacetic acid constituted over 95 per 
cent of the thyroid’s total activity. The relative amount of activity in 
the thyroxine fraction increased constantly, and in 50 hours this fraction 
contained over 25 per cent of the gland’s total radioactivity. 


Criteria for Establishing Identity of Precursor As Applied to Ditodotyrosine 
Iodine and Thyroxine Iodine after Injection of Single Dose of 
Radtoactive Iodine 

The graphical procedure of Zilversmit et al. for testing the identity 
of a precursor is based upon the analysis of the specific activity-time curves 
of the suspected precursor and product (11). Such curves are best drawn 
when all the measurements are carried out on a single animal. Since 
this was not feasible in the present experiment, several rats were sacrificed 
at each interval and the average of the individual specific activities used 
for plotting the curves in Fig. 1. The individual values calculated from 
the data in Table I are shown in Table II. Good agreement between 
the individual values in each group made it possible to draw satisfactory 
curves depicting the changes in specific activity with time. 

Zilversmit et al. have demonstrated that in a case in which Compound 
A is the immediate precursor of Compound B the following three con- 
ditions must hold in an experiment in which a single dose of a labeling 
agent ts administered: (1) The specific activity of Compound A is greater 
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TaB.e Il 
Specific Activity Data 





Interval after iodine injection Thyroxine fraction Diiodotyrosine fraction 
Ars. counts per sec. per y iodine counts per sec. per ieding | 
0.25 38 82 
0.25 25 64 
0.25 23 77 
| 120 222 i 
l 143 222 
l 105 177 
72 122 
4 292 132 ' 
4 281 426 i 
' 252 114 
14 443 527 
14 567 705 
' 14 4138 5S5 
14 865 S73 . 
50 510 165 
50 640 oo 
50 HAS 156 
5O 606 619 
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than that of Compound B before the latter reaches its maximum specific 
activity. (2) The specific activity of Compound A equals that of Com- 
pound B when the specific activity of Compound B has reached its max- 
imum specific activity. (3) After the specific activity of Compound B 
has reached its maximum, the specific activity of Compound B is greater 
than that of Compound A. 

Fig. | shows that within the limits of experimental error these three 
conditions are fulfilled for diiodotyrosine as Compound A and for thyroxine 
as Compound B. The data presented here therefore provide support for 
the view that diiodotyrosine is the biological precursor of thyroxine. 


DISCUSSION 


Mann, Leblond, and Warren were the first to use radioactive iodine 
to determine whether diiodotyrosine is the precursor of thyroxine (14). 
These workers injected six dogs with tracer doses of radioactive iodine 
and sacrificed two at each of the following intervals: 0.5, 8, and 48 hours. 
The thyroid iodine was separated into three fractions, inorganic, thyroxine, 
and diiodotyrosine iodine, and the specific activities of the iodine in each 
fraction determined. Because the uptake of I'*' by the thyroids of these 
dogs varied tremendously, it was not feasible to compare directly the 
specific activities among the different animals. To permit a comparison 
to be made, Mann et al. introduced a new ratio which they designated 
“relative specific activity.” The latter is the ratio of the specific activity 
of the iodine of a given fraction to the specific activity of total iodine of 
the gland.' The relative specific activities of the various iodine fractions 
were then plotted against time and the resulting curves interpreted as 
if they represented ordinary specific activity-time curves. As evidence 
in support of a precursor-product relation between diiodotyrosine and 
thyroxine, Mann et al. then cite their finding of a linear increase in the 
relative specifie activity of thyroxine iodine coincident with an approximate 
constancy in the relative specific activity of diiodotyrosine iodine. The 
validity of this evidence, however, appears to us to be open to question. 
When relative specific activities were calculated from the data of Table 
|, a linear increase in the values for thyroxine iodine with time was not 
observed, even though those for diiodotyrosine iodine remained approxi- 
mately constant. In attempting to resolve this discrepancy the following 
should be noted?: 


‘it is necessary to call attention here to the fact that this meaning of the term 


“relative specific activity’’ differs from that assigned to it by Hevesy (15), who first 


introduced this term. 
2 We are indebted to D. B. Zilversmit for valuable assistance in the evaluation of 
the ‘relative specific activity’’ data of Mann et al. (14). 
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1. The straight line obtained by Mann et al., when relative specific 
activities of thyroxine iodine were plotted against time, was based op 
only three points and did not pass through the origin. 

2. When the specific activity of the precursor of a given compound is 
kept constant, the specific activity of this compound increases linearly 
only so long as an appreciable amount of the compound does not leave the 
tissue. Since the experiments of Mann ef al. lasted for 48 hours, it is 
unlikely that in this interval only a negligible amount of labeled thyroxine 
left the gland. We have shown elsewhere (16) that in the rat labeled 
iodide removed from plasma by the thyroid gland reappears rapidly in 
plasma as protein-bound iodine (presumably thyroxine). 

3. The constancy observed in the values for the relative specific ae- 
tivity of diiodotyrosine iodine is a coincidence. Since the largest part 
of the iodine in the gland, both in radioactive and stable form, is present 
as diiodotyrosine, this constancy is inherent in the method of calculation. 

4. Thyroxine iodine amounted to 6.5 and 10 per cent of the total iodine 
of the thyroid gland in the two dogs sacrificed at the 48 hour interval, 
but in the two sacrificed at the 8 hour interval it constituted 26 and 33 
per cent. The relative specific activities of thyroxine iodine and diiodo- 
tyrosine iodine agreed fairly well for the two dogs sacrificed at each interval, 
but it is questionable whether agreement would have been obtained #f 
all four dogs had been sacrificed ai the same interval. Agreement under the 
latter conditions, 7.e. in a large number of dogs with widely varying per- 
centages of thyroxine in their thyroids and sacrificed at the same interval 
after the injection of I’, must be demonstrated to justify the use of relative 
specific activities. 

5. It is curious that despite a 10-fold variation in the thyroxine content 
(65.6 to 643 y of iodine) of the thyroids of their dogs, Mann et al. calculated 
from the relative specific activity-time curves that a constant percentage 
(1.55 per cent) of the thyroxine of the glands was renewed every hour. 
This implies a 10-fold variation in thyroxine turnover rate, although the 
body weight of these dogs varied only 2-fold. 

In the present study a direct comparison of specific activities of iodine 
in the diiodotyrosine and thyroxine fractions of the gland was made pos- 
sible by the use of a uniform group of carefully controlled rats. Since 
at each interval (see Table II) the three to four values obtained for the 
specific activities of diiodotyrosine or for thyroxine were in fairly good 
agreement, it was permissible to plot their averages against time, as shown 
in Fig. 1. 

It was shown by Zilversmit ef al. (11) that curves of the type shown 
in Fig. 1 can also be used to calculate the time required for the complete 
renewal of the thyroxine in the gland (turnover time). The assumptions 
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underlying this calculation have been fully discussed elsewhere (11). When 
this calculation was carried out in the present experiment, the turnover 
time of thyroxine amounted to approximately 24 hours. If we assume 
that only a small fraction of the thyroxine is destroyed within the thyroid 
gland, then this result means that in 24 hours the thyroid gland secretes 
an amount of thyroxine equal to that present in the gland. Since the 
average thyroxine iodine content of the thyroid gland was 3.3 7, the rate 
of thyroxine iodine secreted, as calculated by this method, is approximately 
1.5 per 100 gm. of body weight per 24 hours. This value is lower than that 
found by Dempsey and Astwood (5.2 y of l-thyroxine per 100 gm. of body 
weight per 24 hours (17)) but higher than that reported by Griesbach and 
Purves (2.25 y of dl-thyroxine per 100 gm. of body weight per 24 hours 
(18)). The methods used by these workers (17, 18) were based on a dif- 
ferent principle from the one described here. 

The fraction termed here non-protein-bound iodine is probably not 
a discrete thyroid fraction but a mixture of inorganic iodine and some 
organic iodine that fails to precipitate with the proteins. This fraction 
constituted only about 5 per cent of the total iodine (I'*’) and about the 
same percentage of the total radioiodine (I'). Since inorganic I" added 
to the thyroid before homogenization was quantitatively recovered in the 
trichloroacetic acid supernatant, it may be assumed that all the inorganic 
iodide of the gland appears in this fraction. But not all of the iodine 
in this fraction behaved like inorganic iodide. When trichloroacetic 
acid extracts were prepared from the glands of rats that had been injected 
with I, only 20 to 30 per cent of the I'* in the extracts was oxidized 
to I, by the addition of iodide carrier and excess iodate. This means that 
only about one-fourth of the radioiodine in this fraction can be considered 
to be in the form of iodide. 

For the purpose of the specific-activity determinations carried out here, 
however, the treatment of the glands with trichloroacetic acid introduced 
no error. This procedure served to separate the inorganic iodine from 
the protein-bound iodine of the precipitate, and the small loss of organic 
iodine from the precipitate would not be expected to affect the specific 
activities of the thyroxine and diiodotyrosine iodine. 


We are grateful to Dr. Hardin B. Jones for assistance in carrying out the 
experiments described here. 
SUMMARY 


1. Specifié activity-time curves were constructed for the iodine of the 
thyroxine and diiodotyrosine fractions of the thyroid glands of rats that 
had received a single intravenous injection of radioactive iodine. The 
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curves obtained satisfied certain previously established criteria for a pre- 
cursor-product relationship, thus providing further experimental evidence 
for the view that diiodotyrosine is the biological precursor of thyroxine, 

2. The average rate of thyroxine secreted by the thyroid gland of the 
rat as calculated from specific activity-time curves was found to be about 
2 y per 100 gm. of body weight per 24 hours. . 
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BIOCHEMICAL TRANSFORMATIONS AS DETERMINED 
BY COMPETITIVE ANALOGUE-METABOLITE 
GROWTH INHIBITIONS 


VI. PREVENTION OF BIOTIN SYNTHESIS BY 2-OX0-1- 
IMIDAZOLIDINECAPROIC ACID 


By LORENE LANE ROGERS anp WILLIAM SHIVE 


(From the Clayton Biochemical Institute and the Department of Chemistry, The 
University of Texas, Austin) 


(Received for publication, March 13, 1947) 


Much attention has been given to the possibility that desthiobiotin 
is a precursor of biotin in biological systems, since Melville, Dittmer, 
Brown, and du Vigneaud (1) first reported that desthiobiotin was equally 
as effective as biotin in stimulating the growth of Saccharomyces cerevisiae. 
Dittmer, Melville, and du Vigneaud (2) later demonstrated that desthio- 
biotin was converted by yeast to some substance, presumably biotin, 
which could replace the biotin requirement of Lactobacillus casei, an 
organism which cannot utilize desthiobiotin. Evidence of a similar 
nature was presented by Leonian and Lilly (3). Stokes and Gunness (4) 
reported that desthiobiotin could substitute for biotin in the nutrition of a 
fungus and of a number of yeasts, but that it did not support growth of the 
three bacteria tested by them. The most convincing evidence that 
desthiobiotin is a normal intermediate in the synthesis of biotin was 
presented by Tatum (5). By subjecting Penicillium chrysogenum to 
x-rays a biotin-requiring strain was obtained which could not utilize 
desthiobiotin. This organism, when grown on minimal quantities of 
biotin, produced a substance which was identical with desthiobiotin in its 
growth-promoting properties for several other organisms, including 
Penicillium notatum, strain 21464. 

In the present investigation a study has been made of the inhibition of 
growth of Escherichia coli by 2-oxo-4-imidazolidinecaproic acid' and the 
effect of biotin and desthiobiotin on this toxicity. Dittmer and du Vi- 
gneaud (6) synthesized 2-oxo-4-imidazolidinecaproic acid and reported its 
feeble ‘‘antibiotin” effect for both Lactobacillus casei and Saccharomyces 
cerevisiae. Later, Duschinsky and Dolan (7) synthesized the compound 
by an improved method and reported inhibitory action in close agreement 
with the results of Dittmer and du Vigneaud. 

Application of the theory of inhibition analysis (8) to the effect of des- 


' The nomenclature of Chemical Absiracts is used instead of 4-(imidazolidone-2) - 
caproic acid (6) and 5-carboxyamy1-2-imidazolidone (7). 
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thiobiotin and biotin on the toxicity of 2-oxo-4-imidazolidinecaproic acid 
for Escherichia coli indicates that the biosynthesis of biotin must proceed 
through desthiobiotin as an intermediate, and that no alternative mecha- 
nism is available to the organism. This inhibitor evidently prevents the 
biosynthesis of biotin by competing with desthiobiotin for the enzyme 
system which converts desthiobiotin to biotin. 


TABLE I 
Growth Inhibition by 2-Oxo-4-imidazolidinecaproic Acid and Its Reversal by 
Desthiobiotin 


Test organism, Escherichia coli; incubated 15 hours at 37”. 








dl-2-Ox0-4 ~~ seen dl-Desthiobiotin Galvanometer reading* 
¥ per 5 ce. ¥ per 5 ce. 
0 0 412.5 
100 0 43.0 
300 0 2.5 
1,000 0 2.5 
0 | 3 10.0 
100 3 12.5 
300 3 25.0 
1,000 3 2.0 
0 10 13.0 
100 10 10.0 
300 10 $1.5 
1,000 10 2.5 
0 30 43.5 
300 30 $1.5 
1,000 30 42.0 
3,000 30 2.5 
0 100 410.0 
1,000 100 10.0 
3,000 100 40.0 
10,000 100 2.0 
10,000 L000 42.5 
Antibacterial index = 100. 


* A measure of culture turbidity; distilled water reads 0, an opaque object 100. 


EXPERIMENTAL 
Materials 


The 2-oxo-4-imidazolidinecaproic acid (300 mg.) was kindly supplied to 
us by Dr. Robert Duschinsky (7). 

Biotin was obtained from Merck and Company, Inc., and dl-desthiobio- 
tin was obtained from Hoffmann-La Roche, Inc. 
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Testing Methods 
The basal medium used in tests with Escherichia colt has been previously 
described (8). The casein hydrolyzed with trypsin was omitted. The 
organism used was carried by daily transfers on the inorganic salts-glucose 
medium (6). In order to conserve material, these tests were carried out 
with cultures of 5 cc. total volume. 


Taste II 
Prevention of Toxicity of 2-Oxo-4-imidazolidinecaproice Acid by Biotin 


Test organism, Escherichia coli; incubated 15 hours at 37°. 














dl-2-Oxo-4-imidazolidinecaproic Biotin | Galvanometer reading 








acid 
¥y per 5 ce. y per 5 ce. | 
0 0 42.5 
LOO 0 43.0 
300 0 2.5 
300 0.003 2.5 
300 0.01 11.0 
300 0.03 43.0 
300 0.1 43.0 
0 0.03 42.5 
300 0.03 40.5 
1,000 0.03 24.5 
3,000 0.03 15.0 
10,000 0.03 6.0 
0 0.1 39.0 
300 0.1 42.5 
1,000 0.1 42.0 
3,000 0.1 41.0 
10,000 0.1 


38.0 
Antibacterial index > 10,000 


Results 


As shown in Table I, 2-oxo-4-imidazolidinecaproic acid at a concentration 
of 300 y per 5 ec. completely prevented growth of Escherichia coli in a 
salts-glucose medium. The toxicity was prevented competitively by 
desthiobiotin, the antibacterial index (9) being approximately 100 over a 
wide range of concentrations. Even 10 mg. of the inhibitor per 5 ec. were 
not toxic to the organism in the presence of sufficient (1 mg.) desthiobiotin; 
thus, inhibition of growth was apparent only when the ratio of inhibitor to 
desthiobiotin exceeded a definite value. 

The effect of biotin on the toxicity of 2-oxo-4-imidazolidinecaproie acid 
isindicated in Table II. At least 0.03 + of biotin per 5 cc. was necessary to 
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prevent the toxicity of the inhibitor at concentrations of 300 y per 5 ce., 
the lowest concentration preventing growth in the absence of biotin. In 
the presence of 0.03 y of biotin per 5 ec., 2-oxo-4-imidazolidinecaproie acid 
was toxic only at relatively high concentrations, 3 to 10 mg. per 5 ee, 
An increase in the concentration of biotin to 0.1 y per 5 cc. prevented the 
toxic action of the inhibitor, even at 10 mg. per 5cc. The results indicate 
that the minimal amount of biotin necessary to obtain any prevention of 
toxicity of the inhibitor was not much less than the amount which js 
effective at all levels. If 2-oxo-4-imidazolidinecaproic acid prevented 4 
function of desthiobiotin other than biotin synthesis, the antibacterial 
index was greater than 10,000. 


DISCUSSION 


From the results, it is apparent that 2-oxo-4-imidazolidinecaproic acid, 
which differs from desthiobiotin by lacking a single methyl group, competes 
with desthiobiotin for an enzyme system, the function of which is essential 
for growth. The antibacterial index for this competitive inhibition js 
about 100. 

It has been proposed (8) that the antibacterial index is a function of the 
inhibited enzyme system which is the limiting process for growth, and that 
the addition of the product of this specific limiting enzyme system to the 
organism in excess of growth requirements either completely prevents the 
toxicity of the analogue at any concentration or results in a higher anti- 
bacterial index which is a function of another enzyme system for which the 
analogue and metabolite compete. 

The effect of biotin on the toxicity of 2-oxo-4-imidazolidinecaproic acid 
apparently corresponds to that of the product of the inhibited enzyme 
system, and no other essential enzyme system 1s affected by the inhibitor. 
Hence, it appears that 2-oxo-4-imidazolidinecaproic acid prevents the 
biosynthesis of biotin in Escherichia coli by competing with the desthiobio- 
tin for the enzyme system which converts desthiobiotin to biotin. It 
would therefore appear that desthiobiotin is the normal precursor of 
biotin, and since biotin synthesis limits the growth of the organism when 
the conversion of desthiobiotin to biotin is blocked, there appears te 
be no other efficient alternative method of biosynthesis of biotin in the 


organism. 
SUMMARY 
2-Oxo-4-imidazolidinecaproic acid prevents the growth of Escherichia coli 
by competing with desthiobiotin for an enzyme system, the functioning o 
which is essential for biotin synthesis. The antibacterial index is ap- 
proximately 100 in the absence of biotin. In the presence of biotin in 
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slight excess of growth requirements the inhibitor is no longer toxic to the 
organism, even at concentrations approaching saturation. The normal 
biosynthesis of biotin proceeds through this enzyme system with desthio- 
biotin, and no efficient alternative system appears to be immediately 
available to the organism. 
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ANTIBIOTIN ACTIVITY OF IMIDAZOLIDONE 
ALIPHATIC ACIDS* 
By KARL DITTMER?t anp VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 
(Received for publication, March 18, 1947) 


The synthesis of four imidazolidone aliphatic acids (I) has been de- 
scribed in a recent communication from this laboratory (1). The relation- 
ship between the structure of these acids and desthiobiotin (11) is illustrated 


Oo O 
| I 
Cc C 
4 
A 
HN NH HN NH 
| 
H.C——-——-CH (CH; ),, COOH CH,;,—-HC-—————-CH(CH,); COOH 
(I) (II) 
Imidazolidonevaleric acid (n = 4) Desthiobiotin 


Imidazolidonecaproic acid (n = 5) 
Imidazolidoneheptanoic acid (n = 6) 
Imidazolidoneoctanoic acid (n = 7) 


by the accompanying structures. It has already been reported that 
dl-imidazolidonecaproic acid (2, 3) is an antibiotin for Lactobacillus casei 
and Saccharomyces cerevisiae. 

It is the purpose of the present paper to report the relative antibiotin 
activities of these four imidazolidone aliphatic acids against Lactobacillus 
casei and Saccharomyces cerevisiae and to describe in detail the micro- 
biological methods used for the determination of these values. In addition, 
the avidin-combining abilities of these compounds will be discussed. 


EXPERIMENTAL 


Antibiotin Activity of Imidazolidone Aliphatic Acids—The antibiotin 
activity of a compound is expressed in this paper as the molar inhibition 
ratio (2), which is defined as the number of molecules of an antibiotin 
required to inhibit 1 molecule of biotin. The antibiotin activity is deter- 


* The authors wish to express their appreciation to the Lederle Laboratories Divi- 
sion, American Cyanamid Company, for a research grant that has aided greatly in 
this work. 

t Present address, Department of Chemistry, University of Colorado, Boulder, 
Colorado. 
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mined experimentally by finding the amount of an antibiotin which is able 
to reduce the growth obtained with 0.0002 y of biotin to a level equivalent 
to that obtained with 0.0001 y of biotin. The molar inhibition ratio can 
then be calculated after the conversion of these amounts to molar quanti- 
ties. The smaller the inhibition ratio, the greater the antibiotin activity 
of a given compound. 

The inhibition of the growth of yeast by three of the imidazolidone 
aliphatic acids is illustrated by the curves of Fig. 1. All tests were made 
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Fic. 1. Relative antibiotin activity of imidazolidonecaproic acid (Curve ICA) 
imidazolidoneheptanoic acid (Curve THA), and imidazolidoneoctanoie acid (Curve 
IOA) on the growth of Saccharomyces cerevisiae. 


with Saccharomyces cerevisiae, Fleischmann strain 139, with the basal 
medium described by Snell, Eakin, and Williams (4), with the following 
additions per liter of medium: L-aspartic acid 100 mg., casein hydrolysate 
(Smaco) 5.0 ce., L-tryptophan 10 mg., sodium acetate 600 mg., thiamine 
chloride 20 y, pyridoxine hydrochloride 20 y, calcium pantothenate 20 y, 
and nicotinie acid 40 y. For convenience, this medium will be designated 
as “C-14”". The inoculum was 0.6 mg. of moist yeast (from a 24 hour 
culture grown on wort agar) per 100 cc. of medium. The incubation 
period was 16 hours at 30°. The tests were carried out in 20 X 150 mm. 
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Pyrex test-tubes, each of which contained 1 cc. of addenda and 6 ce. of 
medium; the tubes were incubated in a slanted position to permit better 
aeration. 

The effect of increasing amounts of biotin in nullifying the inhibitory 
action of the imidazolidone aliphatic acids on the growth of yeast is illus- 
trated by the curves of Fig. 2. 

A study of tbe inhibitory action of the imidazolidone aliphatic acids on 
the growth of Lactobacillus casei was made with the medium described by 
Shull, Hutchings, and Peterson (5, 6). The inoculum was grown in the 
medium described by these authors; a 24 hour culture was centrifuged, 
washed, and resuspended in 10 cc. of sterile saline; 1 drop of a 1:20 dilution 
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Fic. 2. Nullification of the antibiotin activity of the imidazolidone aliphatic acids 
by biotin. Curve IOA, imidazolidoneoctanoic acid, Curve IHA, imidazolidone- 
heptanoic acid, and Curve ICA, imidazolidonecaproic acid. 


of this suspension was used per tube. During most of the antibiotin 
studies with L. case7, the incubation period was 40 to 44 hours. When the 
test cultures were permitted to grow for 72 hours at 37°, the inhibition ratio 
was somewhat higher, but the relationship between the compounds re- 
mained the same. Just as in the studies with yeast, the addition of larger 
amounts of biotin prevented the inhibitory action on L. casei of all these 
compounds. The relative antibiotin activities of the dl-imidazolidone 
aliphatic acids for L. caset and Saccharomyces cerevisiae are tabulated in 
Table I. 

That desthiobiotin is equally as effective as biotin in stimulating the 
growth of Saccharomyces cerevisiae has already been reported (7) and 
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confirmed (8, 9). The imidazolidone aliphatic acids were much more 
effective in inhibiting the yeast growth when desthiobiotin was the stimu- 
lant than when an equal amount of biotin was used. The molar inhibition 
ratios of these compounds to desthiobiotin were as follows: imidazolidone- 


TaBLe I 
Relative Antibiotin Activities of Imidazolidone Aliphatic Acids 


Molar inhibition ratio* 


Compound 


S. cerevisiae L. casei 
dl-Imidazolidonecarboxylic acid Inactive Inactive 
dl-Imidazolidonevaleric acid > 37,000, 000 52,000, 000 
dl-Imidazolidonecaproic 850, 000 100, 000 
dl-Imidazolidoneheptanvie acid 1,700, 000 1,600,000 
dl-Imidazolidoneoctanoic ‘ 2,000, 000 10,000 , 000 


* These molar inhibition ratios represent average values from several éxperiments; 
they are reproducible within 20 per cent 
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Fig. 3. Yeast growth inhibition curves showing the antagonism between imida- 
zolidone aliphatic acids and desthiobitin. Curve ICA, imidazolidonecaproic acid, 
Curve IHA, imidazolidoneheptanoic acid, Curve IOA, imidazolidoneoctanoie acid, 
and Curve IVA, imidazolidonevaleric acid. 


valerie acid 1,340,000, imidazolidonecaproic acid 3000, imidazolidone- 
heptanoiec acid 100,000, and imidazolidoneoctanoic acid 270,000. The 
inhibitory effects of these compounds on the growth of yeast when desthio- 
biotin was the stimulant are illustrated by the curves of Fig. 3. When 
the data of Fig. 3 are compared with those of Fig. 1, it will be noted that 
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the imidazolidone aliphatic acids are many times more effective against 
desthiobiotin than against biotin for the growth of Saccharomyces cerevisiae. 
Again, imidazolidonecaproic acid is the most active. 

The antagonism between the imidazolidone aliphatic acids and desthio- 
biotin with resultant inhibition of yeast growth can be prevented by the 
addition of more desthiobiotin. 0.034 y of desthiobiotin was required to 
counteract half-way the toxicity of 5 y of imidazolidonecaproic acid; 
(0.0012 and 0.00045 y respectively of desthiobiotin were required to coun- 
teract half-way the toxicity of 50 y of imidazolidoneheptanoic and imida- 
zolidoneoctanoic acids, whereas only 0.001 y of desthiobiotin was necessary 
to counteract half-way the toxicity of 500 y of imidazolidonevaleric acid. 

Imidazolidonecaproic acid was also tested for its antibiotin effect on 
types I, II, and III pneumococci. The pneumococci were grown in the 


TABLE II 
Inhibition of Growth of Pneumococci by Imidazolidonecaproic Acid 





Growth of pneumococci* 
Imidazolidonecaproic acid > 








Type I Type II | Type II 
0 150 138 92 
0 150 137 91 
0.01 148 129 97 
0.1 147 108 44 
0.4 139 15 32 
1.0 141 rt) 2 
2.0 143 4 22 
1.0 + 0.5 y biotin 142 134 S6 


* In colorimeter turbidity units. 


synthetic medium described by Badger (10), to which 20 per cent of 
beef heart infusion broth was added. In this medium the growth of the 
organism was better than in either the synthetic medium or the infusion 
broth alone. For the inoculum, 0.2 cc. of an 8 hour culture in blood-broth 
medium was transferred to 5 cc. of the semisynthetic medium and incubated 
for 7 hours. 0.2 cc. of this culture was used as the inoculum per 5 ce. of 
medium, which contained varying amounts of imidazolidonecaproic acid. 
The growth after 12 hours was measured in a Klett-Summerson colorimeter 
and is expressed as colorimeter turbidity units. The results of one such 
experiment are recorded in Table II. In this medium, which was found by 
microbiological assay to contain 0.005 y of biotin per tube, imidazolidone- 
caproic acid inhibited the growth of types II and III pneumococci under 
these conditions, but had little effect on type I. Whenever this compound 
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inhibited the growth of pneumococci, the addition of larger amounts of 
biotin prevented the inhibition. 

Imidazolidonecaproic acid inhibited the growth of Escherichia coli when 
grown in the synthetic medium described by Kalmanson and Bronfen- 
brenner (11). Biotin again nullified this inhibition. 

Avidin-Combining Ability of Imidazolidone Aliphatic Acids—-\n eon- 
formity with the hypothesis that the urea grouping of biotin is essential 
for the combination of biotin with avidin (12), the yeast growth activity 
of desthiobiotin was also inhibited by avidin (7). Since a reproducible 
stoichiometrical relationship exists between avidin and biotin (13), it 
was possible to test various compounds for their ability to block the 
interaction between avidin and biotin. Since a given amount of avidin 
can remove a definite amount of biotin, as measured by diminished veast 
growth, it should follow that a compound which can combine with avidin 
will be able to block, to a certain degree, the combination of biotin with 
avidin, leaving more biotin for yeast growth. On this basis, the imida- 
zolidone aliphatic acids were tested for their ability to combine with 
avidin by adding them to tubes containing avidin, allowing a certain time 
interval for interaction, and then adding biotin to the mixture. The 
veast growth in the tubes containing the imidazolidone aliphatic acid, 
avidin, and biotin was then compared with the growth in tubes containing 
only avidin and biotin. It was thus possible to determine the increase in 
veast growth, and hence the available biotin, in the tubes containing the 
various imidazolidone aliphatic acids. Preliminary experiments of this 
type have indicated that the avidin-combining activities of the imidazoli- 
done aliphatic acids vary in the same manner as their antibiotin activities, 
imidazolidonecaproic acid having the strongest affinity for avidin and 
imidazolidonevaleric acid the weakest. 


DISCUSSION 


It is of interest to note that in each type of activity so far demonstrated 
for the imidazolidone aliphatic acids imidazolidonecaproic acid is the most 
active. Imidazolidonecaproic acid has the same length side chain as 
desthiobiotin and differs from it only in the absence of the terminal methyl! 
group. ‘Shortening the aliphatic acid side chain to valerie acid markedly 
reduces the antibiotin and avidin-combining activity of the imidazolidone 
aliphatic acid. 

Imidazolidonevaleric acid, which had been recrystallized several times, 
originally stimulated the growth of yeast (2). The small amount of 
yeast growth-promoting activity (0.0017 per cent that of biotin) of this 
compound made one suspect contamination. Since the imidazolidone- 
valerie acid did not stimulate the growth of Lactobacillus casei, its activity 
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could not be due to biotin. However, if biotin contamination arose some- 
where in the synthetical steps prior to the treatment with Raney’s nickel 
catalyst, any trace of biotin would be converted to desthiobiotin, which 
might then be retained as a contaminant in the imidazolidonevaleric 
acid preparation. Since recrystallization did not lower the yeast growth- 
promoting activity of the imidazolidonevaleric acid, it was cleaved to the 
corresponding diaminoheptanoic acid sulfate and was resynthesized from 
the latter with phosgene. This resynthesized preparation of imida- 
zolidonevaleric acid was inactive as a stimulant for yeast growth. At 
high concentrations (2 to 4 mg. per 7 cc.), imidazolidonevaleric acid 
slightiy inhibited the growth of both Lactobacillus casei and Saccharomyces 
cerevisiae. 

Lengthening the aliphatic side chain of the imidazolidone aliphatic acid 
to heptanoie or octanoic acid likewise progressively diminishes the anti- 
biotin and avidin-combining activities, but not nearly to the same extent 
as shortening the chain by 1 carbon. 

These data showing that imidazolidone aliphatic acids have the ability 
to interact with avidin further emphasize that the cyclic urea grouping is 
important in the biotin-avidin relationship. 

The fact that imidazolidonecaproic acid does not support growth in the 
absence of biotin might indicate that Saccharomyces cerevisiae, strain 139, 
cannot introduce the methyl group to form desthiobiotin under these 
conditions. When from 0.5 to 10 y of imidazolidonecaproic acid are added 
to yeast cultures which contain 2 X 10~ y of biotin per 7 ec., the growth of 
veast is greatly stimulated above the growth obtained from 2 X 10~ y of 
biotin alone. The curves of Fig. 1 illustrate this effect. 2 K 10“ ¥ of 
biotin stimulated veast growth to a level of 101 colorimeter turbidity units, 
whereas with | y of imidazolidonecaproic acid present in addition to the 
biotin the yeast growth reached a level of 155 colorimeter turbidity units. 
This amount of yeast growth is equivalent to 3.7 X 10~ y of biotin, 
although only 2 X 10“ y were added. Whether this increase in yeast 
growth stimulation is due to synthesis of desthiobiotin from imidazolidone- 
caproic acid remains to be determined. The relative increase in apparent 
biotin activity due to added imidazolidonecaproic acid is greater when the 
yeast grows in an optimum growth medium than when it grows in a more 
deficient medium. The increased biotin activity of a given amount of biotin 
due toadded imidazolidonecaproic acid could also be the result of better utili- 
zation of the biotin present. 


SUMMARY 


A series of four imidazolidone aliphatic acids has been found to be 
antibiotins for Saccharomyces cerevisiae, Fleischmann strain 139, and 
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Lactobacillus casei. Imidazolidonecaproic acid was the most potent of this 
series, while imidazolidonevaleric acid was the least active. As the side 
chain was lengthened from caproic acid to heptanoic and octanoic acids, 
the antibiotin activity decreased. The antibiotin activity was counter- 
acted in every case by the addition of biotin. 

Preliminary experiments have indicated that the avidin-combining 
abilities of the imidazolidone aliphatic acids vary in the same manner as 
their antibiotin activities. 

Imidazolidonecaproic acid also inhibited the growth of types II and IT] 
pneumococci and Escherichia coli. 

The imidazolidone aliphatic acids were much more potent inhibitors of 
yeast growth when desthiobiotin was the growth stimulant than when 
biotin was the stimulant. 


The authors are indebted to Mrs. Glenn Ellis, Miss Rachel Jewett, and 
Mrs. Margaret Sherwood for carrying out the microbiological tests. 
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MICROBIOLOGICAL DETERMINATION OF LYSINE IN 
PROTEINS AND FOODS 


By MILLARD J. HORN, D. BREESE JONES, anp AMOS E. BLUM 


(From the Bureau of Human Nutrition and Home Economics, Agricultural 
Research Administration, United States Department of Agriculture, 
Washington) 


(Received for publication, March 3, 1947) 


Microbiological methods for the assay of lysine (1-10), including the 
use of decarboxylase (3, 7) and a mutant of Neurospora (8), have been 
reported by several investigators. 

In the work now presented, it was found that when the same medium 
and organism (Lactobacillus arabinosus 17-5) as previously employed for 
methionine assay (11) were applied to lysine a satisfactory curve could 
not be developed because of high blank values. That these values were 
not caused by traces of lysine associated with any of the other amino 
acids in the basal medium was shown by the fact that satisfactory blanks 
were obtained when Leuconostoc mesenteroides P-60 (2) was used. Our 
failure to obtain a satisfactory curve with Lactobacillus arabinosus is 
ascribed to an interrelationship between lysine and pyridoxine as shown 
by Stokes and Gunness (12) and Snell (13). 

The standard curve employed for the lysine assays was prepared by 
using Leuconostoc mesenteroides and the same medium previously used for 
methionine (11), with the exception that the amount of L-arginine was 
increased from 96 to 416 mg. 


EXPERIMENTAL 


Leuconostoc mesenteroides P-60' was used in the assays described in this 
paper. 

Basal Medium —The basal medium was the same as that described in 
a previous paper for methionine (11), with the exception that the amount 
of L-arginine was increased as noted above. This increase was necessary 
because it raised the titration values at the higher levels of lysine. Below 
a level of 40 y, however, the increase had no effect. 

Assay Procedure—The procedures followed for the cultures, inoculum, 
and preparation of samples were identical with those described for the 
assay of methionine with Lactobacillus arabinosus, with the exception that 
0.05 N sodium hydroxide was used in the titration instead of 0.10 nN. The 


1 Obtained from the American Type Culture Collection, Georgetown University 
School of Medicine, Washington, D. C. 
71 











72 MICROBIOLOGICAL DETERMINATION OF LYSINE 


lower concentration was employed because of the smaller amount of lactic 
acid produced by Leuconostoc mesenteroides. 
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Fic. 1. Lysine curve. The abscissa scale represents micrograms of L-lysine 





TABLE | 
' 
Recove ry of Lysine Added to Protein Hydrolysate 8 


Lysine 
Protein hydrolysate 
In hydrolysate* Added Total Found Recovery 
¥ per cent 
Gelatin 3.75 50.00 53.75 55.00 102 
7.50 50.00 57.50 60.00 105 
11.25 50.00 61.25 62.50 102 
15.00 50.00 65.00 67.00 103 
Egg albumin 5.93 10.00 15.93 15.0 94.3 
11.86 10.00 21.86 22.5 103 
17.79 10.00 27.79 27.5 98 
23.72 10.00 33.72 33.5 99 
Edestin 3.01 10 13.01 12.50 96 
3.01 20 23.01 22.50 98 
3.01 30 33.01 33.50 101 
3.01 40 43.01 43.30 101 
3.01 50 53.01 53.90 100 


* Uncorrected for moisture and ash. 


Preparation of Lysine Standards—t-Lysine solutions ranging in concen- | 
tration from 5 to 100 y per ml. were used in preparing the standard curve 
(Fig. 1). The titration values on this curve were not altered by the | 
addition of 1.2 mg. of any of the nineteen amino acids to the medium. | 

tecovery of lysine added in different proportions to hydrolysates of | 


i. mh on 
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gelatin, egg albumin, and edestin gave results well within the experimental! 





ic 
error for this type of assay (Table 1). 
TaBLe II 
Lysine Content of Some Proteins and Foods Determined at Different Assay Levels* 
Lysine found 
Protein assay level - : dettiib iia amaniteaiiniciitl a : “a 
Whole wheat | Whole rye Whole corn Phaseolin Cottonseed flour 
a 7 per cent Y per cent ¥ per cent Y |per cent ¥ per cent 
100 6.50) 6.50 | 
200 13.00 6.50 | 5.30 2.65 
300 | | 19.50 6.50 | 
100 | 25.70 6.43 | 10.60 | 2.65 
500 2.20, 0.44 | 1.30) 0.26 | | 
600 |; 15.00 | 2.50 
700 
SOO 20.00 | 2.50 
900 
1,000 4.00) 0.40 2.50, 0.25 
1,500 6.00) 0.40 1.00, 0.27 
| 2,000 8.00, 0.40 5.50, 0.27 7.00, 0.35 
2,500 11.30) 0.45 6.50) 0.26 9.50 0.38 
5,000 21.50 0.43 14.50 0.29 , 19.50 0.39 
7,500 32.50) 0.43 | 22.00) 0.29 29.00, 0.39 
10,000 $2.00 0.42 30.00 0.30 | 36.80 0.37 
Average 0.42 0.27 0.37 6.48 2.58 
* Uncorrected for moisture and ash. 
Tasce III 
Reproducibility of Lysine Content When Determined by Separate Assays* 
Material Assay 1 Assay 2 Assay 3 Average 
: per cent per cent per cent per ary 
Arachin 2.30 2.50 2.20 2.33 
Conarachin 1.50 4.40 1.41 4.44 
Whole wheat 0.41 0.43 0.42 
“rye 0.34 0.38 0.36 
Peas, black-eyed 1.49 1.55 1.52 
Egg albumin 5.73 5.93 5.83 
* Figures not corrected for moisture and ash. 
‘n- . m . : ‘ ‘ 
will Table IT shows values found for pbaseolin and several foods determined 
- | at different assay levels. Data on reproducibility of the amount of lysine 
i | found in a number of materials when determined by separate assays are 


given in Table III. 








Lysine Content of Some Proteins and Foods (Percentages Calculated for 


Material 


Arachin 
Casein 


Conarachin 
Cottonseed globulin 
Coconut globulin 
Edestin. .. 

Ovalbumin (crystalline 


Gelatin (Bacto 


Glycinin 
Lactalbumin 


Peanut, total globulins 
Phaseolin (navy bean 
Ox muscle 

Wheat bran globulin 
Zein.. 

Barley, pearled 

Brazil nut meal 

Corn, whole yellow 


germ, defatted 
Cottonseed flour 
Egg, whole, dried 
Milk, dry, skim 


Oatmeal 

Peanut flour 
Peas, black-eyed 
Rice, white 
Rye, whole 

Soy bean flour 


Wheat, whole 
germ, defatted 
Yeast, dried, brewers’ 


* For 8-lactoglobulin by 
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TABLE IV 


Moisture-Free Material) 





N Lysine 
on cent per cent of food 
18.30 2.72 
16.07 8.20 
18.20 +. 69 
18.00 4.15 
17.42 4.37 
18.55 3.23 
15.98 6.32 
18.32 +.44 
17.30 6.90 
15.39 10.80 
18.01 3.50 
16.07 1.20 
16.00 10.00 
17.76 $.15 
16.00 0.21 

1.86 0.28 
4.03 1.80 
2.22 0.32 
3.93 1.45 
10.36 2.92 
8.11 4.00 
6.57 2.91 
2.73 0.51 
10.15 1.92 

4.15 1.70 

1.26 0.22 

1.98 0.41 
8.85 3.97 
3.07 0.48 
6.50 2.52 
7.71 3.50 


isotope dilution method 


DETERMINATION OF LYSINE 


Ash- and 
Values from literature 

2-4 (14), 4.5 (14), 1.83 (15) 

8.3 (2), 8.1 (3), 7.7 (4), 7.6 
(5), 7.6 (6), 7.7 (7), 83 
(10), 5.4 (16), 8.7 (17) 
6-S (18 

7.0 (14) 

4.90 (19), 2.25 (20 

2.32 (14), 3.90 (21 

6.6 (4), 6.0 (5), 6.3 (8), 5.0 
(14) 

5.8 (4), 4.1 (6), 6.9 (8), 5.04 
(14) 

8.4 (6), 9.6 (14), 9.87 (22 
11.4 (23)* 

4.4 (0 S.1 4 

0.06 (3), 0.00 (14 


0.26 (9) 


0.44 (9), 0.40 
0.14 (25 


14), 0.35 (14), 


1.41 (14) 

2.42 (9), 1.76 (14 

3.04 (14) 

3.57 (4), 2.90 (9), 3.41 (10), 
3.11 (14) 

0.57 (14), 0.22 (26 

1.91 (14), 1.93 (14 


0.34 (27), 0.24 (27) 


0.51 (4), 0.41 (9 


3.72 (3), 3.01 (4), 3.72 (9), 
3.01 (14) 
0.54 (4), 0.47 (9), 0.51 (14) 


2.24 (14), 1.13 (28 
3.08 (4), 3.08 (14 





| 
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The lysine values (Table [V) found for the proteins and foods? assayed 
agree quite well with those reported for the same materials by others using 
different microbiological methods. Considerable discrepancy exists, how- 
ever, between several of them and those determined by chemical procedures. 
The values now reported have been corrected for moisture and ash. Al- 
though the ash content of the isolated proteins is low, that of the foods, 
however, is considerable, as illustrated in Table V. 

Values reported for the same proteins by different workers are not 
always comparable because of differences in nitrogen content of the proteins 
assayed. Since the nitrogen content of the proteins is not given in many 
instances, it is not possible to correct the lysine values to the nitrogen con- 
tent given in the second column of Table IV. For example, values for 
casein were determined on Labco casein, a product varying in nitrogen 


TABLE V 


Moisture and Ash Content of Some Foods 


Food Moisture Ash 


per cent | per cent 
Brazil nut meal 7.01 9.77 
Corn germ 9.47 7.96 
Cottonseed flour 6.41 5.99 
Egg, whole, dried 7.18 2.92 
Milk, dry, skim 5.99 7.42 
Soy bean flour 5.07 6.12 
Wheat germ 6.76 4.75 
Yeast, dried, brewers’ 6.82 4.71 


content within a rather wide range. If the nitrogen contents were given, 
the lower values for lysine might well agree more closely with the values 
here reported when recalculated to an ash- and moisture-free basis and 
16 per cent nitrogen content. In the case of foods, when the nitrogen con- 
tent was given, the lysine values have been corrected to the nitrogen content 
shown in Table IV. 


SUMMARY 
A microbiological method is described for the determination of lysine 
in proteins and foods with Leuconostoc mesenteroides. The results of assays 
on thirty-one proteins and foods agree closely with those obtained on the 
same materials by other microbiological methods. 


* The sources and preparation of the samples assayed are given in a previous pub- 
lication on the determination of methionine (29) 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES* 


I. PREPARATION OF SPHINGOLIPIDES FROM BEEF BRAIN 
AND SPINAL CORD 


By HERBERT E. CARTER, WILLIAM J. HAINES,t W. E. LEDYARD,t ano 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 
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Nerve tissue contains a high concentration of lipide material of an ex- 
tremely complex nature. Among the lipide constituents there are at least 
three, the cerebrosides (1), sphingomyelins (1), and gangliosides (2-5), 
which are derivatives of the organic base sphingosine. Sphingosine also 
may be present in other compounds (6). As a matter of convenience it is 
proposed that the term sphingolipide be used to designate these substances. 

Several years ago we reported preliminary data indicating that the cur- 
rently accepted formula for sphingosine was probably incorrect (7). These’ 
results will be described in greater detail later. It is the purpose of this 
paper to present the methods we have found most suitable for the prepara- 
tion of large quantities of sphingolipide. 

The only practical source of the sphingolipides is brain or spinal cord, 
although they occur in blood, liver, kidney, spleen, and other organs in 
small amounts. Brain is reported to contain 2.5 to 3.0 per cent of cerebro- 
side (8-11) and 1.0 to 1.3 per cent of sphingomyelin (9, 12, 13). There is 
little specific information in the literature concerning the lipide composition 
of spinal cord. Frinkel and Linnert (14) indicated that beef spinal cord 
contains only 66 per cent water and that 80 per cent of the solid material is 
lipide in nature; each of these observations is encouraging from a prepara- 
tive standpoint. However, Schuwirth (15) reported that human spinal 
cord contains 75 per cent of water and only 1.3 and 90.7 per cent respectively 
of cerebroside and sphingomyelin. At any rate, it seemed desirable to in- 
vestigate both brain and spinal cord as a possible source of sphingolipide. 

A variety of methods have been described for isolating sphingolipides 

* The authors wish to express their deep appreciation to The Upjohn Company for 
a fellowship in support of this work and to Armour and Company for supplying them 
with large quantities of fresh beef brain and spinal cord. 


+ Present address, The Upjohn Company, Kalamazoo, Michigan. 
t Present address, Medical Corps, U. 8. N. R., United States Naval Hospital. 


Bethesda, Maryland. 
§ Upjohn Company Fellow, 1941-43. Present address, Biology Division, Argonne 


National Laboratory, Chicago, Illinois. 


77 








78 BIOCHEMISTRY OF SPHINGOLIPIDES. I 


from nerve tissue but practically all involve (1) dehydration of the fresh 
tissue, (2) extraction of the glycerophosphatides, and (3) extraction of the 
cerebrosides and sphingomyelins, either singly or in one fraction. Dehy- 
dration of the tissue has usually been accomplished with acetone (16-18) or 
ethanol (19-21). Cholesterol, neutral fat, and small amounts of other 
lipides are also removed by acetone. Lecithin and cephalin have been ex- 
tracted with petroleum ether (18, 22-24) or ether (8, 16, 20, 25), in which 
the sphingolipides are relatively insoluble. The residue is a light brown, 
friable, reasonably stable powder. 

A variety of solvents have been employed in extracting the sphingolipides 
from this material. Hot ethanol (85 per cent (8, 16, 19) or absolute (20, 
26, 27)) removes both cerebrosides and sphingomyelins. Klenk (18) em- 
ployed hot acetone in a continuous extraction apparatus (the solubility of 
sphingolipides in this solvent is small). Rosenheim (22) removed the cere- 
brosides with cold pyridine and the sphingomyelins with hot pyridine. 
Page (24) proposed the use of tetralin as the extracting agent. Levene (26) 
preferred an alternative method in which dehydrated beef brain was ex- 
tracted directly with hot alcohol. ‘The precipitate obtained on cooling the 
‘extracts (so called “‘white matter” or “‘protagon’’) was treated with ether to 
remove lecithin and cephalin. 

We have tested various combinations of these procedures in working up 
several hundred pounds of fresh beef brain and spinal cord. Acetone is the 
most convenient dehydrating agent. It is essential that the tissue be 
thoroughly desiccated, since the solubility of sphingolipides in ether or 
petroleum ether (21) is greatly increased by small amounts of water. Ether 
is somewhat more satisfactory than petroleum ether for removing lecithin 
and cephalin. Sphingomyelin and some cerebrosides are also extracted and 
may be partially recovered by cooling and centrifuging the ether solutions. 
However, it was discovered that if the ether extraction is carried out below 
25° the loss is small and it is not economical to attempt recovery. 

In our hands neither pyridine or tetralin proved to be satisfactory sol- 
vents for extracting the sphingolipides. With tetralin the yield was poor. 
Pyridine gave a somewhat better yield but it is an inconvenient and ex- 
pensive solvent for large scale work. The use of ethanol proved highly 
satisfactory (95 per cent is superior to 85 per cent), giving excellent yields 
of good quality product. By the procedure finally adopted 45.4 kilos (100 
pounds) of fresh beef brain gave 11 to 12 kilos of acetone-extracted material, 
6.5 to 7.5 kilos of acetone-ether-extracted powder, and 1300 to 1600 gm. of 
crude sphingolipide, which still contained some lecithin and cephalin. 
These results agree reasonably well with those of Rosenheim (22), Klenk 
(18), and Loening and Thierfelder (25). Calculated on a cerebroside con- 
tent of 3 per cent and a sphingomyelin content of 1.2 per cent, 45.4 kilos of 
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fresh beef brain should give 1906 gm. of sphingolipide. The ether extracts 
presumably contain the major portion of the unrecovered material. 

In processing spinal cord by this method, surprisingly better results Were 
obtained. The yield of crude sphingolipide from 45.4 kilos of spinal cord 
ranged from 2200 to 2500 gm., compared to 1300 to 1600 gm. with brain. 
Furthermore, the spinal cord product was an almost white, crisp solid, 
whereas the material from brain was light brown and less granular. Com- 
plete cerebroside and sphingomyelin analyses on the various fractions from 
a 45.4 kilo run of spinal cord showed that the 2582 gm. of crude sphingo- 
lipide obtained consisted of 1838 gm. of cerebroside, 606 gm. of sphingo- 
myelin, and only 138 gm. of other material. For our purposes spinal cord 
has still another advantage over brain. The sphingolipides obtained from 
spinal cord can be used directly in the preparation of sphingosine, whereas 
crude sphingolipide from brain must be recrystallized from glacial acetic 
acid to remove material which otherwise decomposes during the hydrolysis 
and interferes with the isolation of sphingosine.'! 

The procedure described below is similar to that of Loening and Thier- 
felder (25) and represents the experience acquired in processing 600 pounds 
of brain and 2000 pounds of spinal cord. 


EXPERIMENTAL 


Preparation of Tissue—Beef brain and spinal cord were obtained through 
the generous assistance of Dr. Porsche of Armour and Company. They 
were removed in the afternoon, frozen, and shipped so as to reach our labo- 
ratories the next morning. In this way we were assured of having fresh 
material. In the early part of our work, the tissues were thawed, peeled, 
and ground in a small laboratory mill. It was subsequently found that a 
100 pound lot of frozen material could be ground directly to a soft paste in a 
commercial sausage grinder. This process is much more convenient, es- 
pecially for large scale preparative work. 

Since both brain and spinal cord were worked up in the same manner, 
only one typical experiment will be described. 

Dehydration with Acetone—100 pounds of ground spinal cord were placed 
in two 10 gallon crocks and extracted overnight with 40 liters of acetone. 
The mixture was stirred occasionally. The acetone was removed as com- 
pletely as possible by decantation and the extraction was repeated in the 
same way with 20 liters of acetone. A total of six extractions was made. 


‘It seems probable that this material consists mainly of gangliosides which are 
present in brain (28) but not in spinal cord (15), and which are unstable toward vigor- 
ous acid treatment. Our crude spinal cord sphingolipide contained only a trace of 
ganglioside as measured by the orcinol test (29) for neuraminic acid, a constituent 
of the gangliosides 
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$v the fourth extraction, the majority of the water had been removed and 
the product had become more flocculent. In the last three extractions the 
acetone was removed by filtration. These extracts contained large quan- 
tities of cholesterol and only small amounts of water” The final acetone- 

extracted material was a light brown, gummy solid, weighing 11.8 kilos 
range 9 to 12 kilos for spinal cord, 8.5 to 12 kilos for brain). 

Extraction of Glycerophosphatides—The acetone-extracted residue was di- 
vided between five 12 liter flasks and extracted for 18 hours with 20 liters 
of commercial dry ether. The flasks were cooled to 20-25° under the tap 
and the mixture was stirred occasionally. Filtration of the extraction mix- 
ture was not practicable, since evaporation of the ether resulfed in the 
deposition of phospholipides on the filter. To avoid this difficulty a double 
layer of cheese-cloth was tied over the neck of the flask around a breather 
tube extending to the bottom of the flask. The flasks were then inverted 
and as much ether as possible was drained off. After the third ether ex- 
traction sufficient phospholipide had been removed to make filtration pos- 
sible. Five ether extractions* were usually made although some glycero- 
phosphatide still remains in the residue at this point. 

The ether-extracted residue was air-dried, giving 5.7 kilos (range 5.2 to 
6.0 kilos for spinal cord, 6.0 to 7.5 kilos for brain) of a light brown friable 
material, which was moderately stable on exposure to air and could be 
stored almost indefinitely for use in the final step. 

Vrtraction of Sphingolipides—The acetone-ether-extracted material (5.7 
kilos) was divided equally among four 12 liter flasks and extracted with 20 
liters of boiling ethanol (95 per cent) for 10 to 15 minutes. The mixture 
was filtered on a large Biichner funnel and the extraction repeated three 
more times. The ethanol filtrates were cooled overnight in an ice box and 
the precipitated sphingolipides were removed by filtration, washed once 
with acetone, and air-dried. The product was a white powdery material 
weighing 2275 gm. (range 2000 to 2500 gm. for spinal cord, 1300 to 1600 gm. 
for brain). 

In view of the few data in the literature on the composition of the sphingo- 
lipides of spinal cord, analyses were made on each of the fractions from a 
100 pound portion which was processed by the above procedure with the 
following exceptions. The ether extractions were made at room tempera- 
ture and each of the extracts was cooled to 0° and the precipitated material 


? The acetone was recovered from the extracts by saturating them with salt, 
separating the supernatant liquid, and distilling it through a fractionating column. 
The last three extracts were worked up separately from the first. 

*The ether extracts on cooling in an ice bath deposited material containing 
However, the yield was not large and the product was brown and 


sphingolipides. 
For preparative work it is more economical to diseard the ether 


somewhat sticky 
extracts 
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removed by centrifugation. ‘The ethanol-extracted residue was further ex- 
tracted with 15 volumes of 1:1 methanol-chloroform at room temperature. 
This solution was concentrated under reduced pressure and the residue was 
washed several times with acetone, giving a brown, somewhat sticky pow- 
der. Each of the lipide fractions thus obtained was analyzed for cerebro- 
side, sphingomyelin, nitrogen, and phosphorus. Cerebroside was de- 
termined by the method of Brand and Sperry (30) with the galactose 
procedure of Miller and Van Slyke (31), sphingomyelin by the method of 
Thannhauser and coworkers (32-34) as modified by Erickson et al. (35). 
The results of this study are summarized in Table I. The total yield of 
cerebroside was 4.2 per cent of the fresh weight of the spinal cord; the yield 


TABLE | 
Composition of Lipide Fractions Obtained from 45.4 Kilos of Fresh Beef Spinal Cord 





Extract Weight Cerebroside Sphingomyelin ba * be aa 

gm. percent gm. | Per cent gm. | percent! per ceni 

Ether | 335.8 | 59.5 200! 30.3} 102 | 2.06 | 1.48 

* 3 12.8 | 52.5| 75 | 33.7) 48 | 2.09} 1.61 

3 79.1 | 67.5| 53/ 35.2) 27 | 2.08] 1.54 

' | 40.5 | 58.6 24 | 33.6} 14 | 2.17] 1.37 

Ethanol 1-3 1418.7 | 74.1 1051 | 20.4 200 | 2.11 | 0.98 

“4 270.7 | 85.0; 230) 18.0) 49 | 2.00 | 0.69 

5 136.2 | 73.5 100) 14.0) 19 | 2.13 | 0.62 

5a* 158.7 | 66.3 105 | 36.2) 57 2.20 | 1.34 

Methanol-chloroform 215.0 | 31.8 68 8.6 1s 2.32 | 1.69 
Ether, total 598 . 2 352 191 
Ethanol, total 1984.3 1486 | 415 
Grand total 2797.5 | 1906 | | 624 


* This fraction was obtained by concentrating and cooling the combined ethanol 
filtrates. 


of sphingomyelin was 1.37 per cent. The high cerebroside content of the 
ethanol fractions makes this material especially suitable for the preparation 
of sphingosine. ‘The methanol-chloroform extraction removed only a small 
amount of poor quality material and is not a practical process for prepara- 
tive work. 
SUMMARY 

A study was made of the various procedures reported for the isolation of 
cerebroside and sphingomyelin from nerve tissue. By the procedure finally 
adopted 100 pounds of fresh beef brain yielded 1300 to 1600 gm. of a crude 
sphingomyelin-cerebroside mixture; 100 pounds of beef spinal cord gave 
2200 to 2500 gm. ‘The latter material is more satisfactory for the prepara- 








82 BIOCHEMISTRY OF SPHINGOLIPIDES. | 


tion of sphingosine. Cerebroside and sphingomyelin analyses are reported 
for the lipide fractions from 100 pounds of spinal cord. 
It is proposed to designate those lipides derived from sphingosine as 


sphingolipides. 
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Since both carotene and vitamin A yield a blue color with SbCl; attempts 
to determine the vitamin quantitatively in a mixture depend, among other 
things (1, 2), upon the accuracy with which the blue color due to carotene 
ean be estimated. Values published for the blue equivalent of carotene 
range from 3.5 to 13, calculated as micrograms of apparent vitamin A per 
100 y of carotene (3). This discrepancy does not result in serious errors in 
the analysis of mixtures relatively rich in vitamin A, but in materials such 
as eggs, concentrates for animal feeding, or aliquots of mixed human diets 
the blue color from carotenoids may constitute a major fraction of the total 
absorption, and hence the proper evaluation of this component becomes 
critical. The color due to vitamin A reaches maximum intensity in 2 to 5 
seconds after the addition of a SbCl; reagent (4), whereas that from the 
carotenoids forms more slowly (5-7) and varies with the pigment. Con- 
centrates from summer butter have been observed to react more slowly 
than those from winter butter (8). The present study deals with variations 
in the intensity and rate of formation of the blue color when SbCl; reacts 
with derivatives of carotene. It has been recognized that extraction and 
saponification procedures normally employed in analyses may result in 
either an oxidation or isomerization of the pigment (9-12). 


Methods 


Solutions of carotene from various sources were analyzed for both caro- 
tene and apparent vitamin A by standard colorimetric procedures. Deter- 
minations were made on fresh material and on carotene that had been 
exposed to oxidation or to isomerization. The pigment was dissolved in 10 
ml. of redistilled chloroform and the intensity of light was measured through 
a 440 mu filter in an Evelyn photoelectric colorimeter. The galvanometer 
readings were converted to micrograms of carotene by multiplying the L 
values by the factor 3.35. For the determination of blue values the 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This investigation was aided by grants from the Wisconsin 
Alumni Research Foundation and from the Jonathan Bowman Fund for Cancer 
Research. 
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solutions were treated with SbCl, as in the determination of vitamin A (4), 
and a drop of acetic anhydride was added routinely to all tubes to prevent 
turbidity. Galvanometer readings were measured through a 620 mz filter 
at intervals of 5 to 10 seconds and the apparent vitamin A was calculated 
from the maximum intensity of the blue color attained by multiplying the 
appropriate L values by 1.33 (13). Thus the apparent vitamin A for any 
carotenoid represented the correction factor that would have to be applied 
to the total blue color in a determination of vitamin A in mixtures. 


EXPERIMENTAL 


Blue Color from Carotene or Carotene Fractions from Crude Materials 
Carotenoids from fresh vegetables were extracted repeatedly with 95 per 
cent ethanol in a Waring blendor; dried feeds were extracted with a mixture 
of ethanol and Skellysolve B (b.p. 64-68°). The extracts were saponified 
with aleoholie KOH, the pigment was transferred to petroleum ether 
(Skellvsolve B or Skellysolve A (b.p. 34-37° )), and the xanthophylls were 
removed with 85 per cent ethanol. The petroleum ether solution was then 
evaporated to dryness under a vacuum without heating and the pigment 
taken up in CHC]. 

On treatment with SbCl; the pure carotene developed a maximum color 
within 10 seconds and then faded rapidly. The apparent vitamin A value 
of the solution was 5.7 per 100 y of carotene (Table I). The carotene frae- 
tion from carrot roots developed a blue color at a rate similar to that of 
carotene itself (Table I). All other natural materials analyzed, however, 
whether fresh or dried, yielded carotene fractions with abnormal rates of 
color formation; the maximum intensity was reached only after 15 to 120 
seconds. Moreover, for all of the crude carotene solutions, including those 
from carrot root, the blue to yellow values were usually double those for 
solutions of pure carotene, and in some fractions, e.g. those in which oxida- 
tion had taken place, the values rose to 52.4 (Table I). ‘The abnormal 
character of the SbCl; reaction of the crude materials was not altered by 
saponifying with 15 per cent KOH in ethanol for 30 minutes under a reflux. 

Reaction between Oxidized Carotene and SbCl;—Commercial carotene, con- 
taining approximately 15 per cent of a- and 85 per cent of 3-carotene, was 
dissolved in chloroform or Skellysolve B, and aliquots were permitted to 
evaporate in the air and light of the laboratory for various lengths of time 
(Table IT). Changes in both the vellow and blue values were determined 
as before. On exposure to air the intensity of the vellow color decreased 
rapidly; 40 per cent had disappeared within 2 days and 64 per cent by 4 
days. The chromogenic equivalent, however, decreased much less rapidly; 
the loss in apparent vitamin A was only 14 per cent after 2 days and 27 per 
cent after 4 days (Table II). The blue to yellow ratio (micrograms of 
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apparent vitamin A per 100 y of carotene) therefore increased markedly. 
The rate at which the blue color developed was also abnormal (Table IT); 
with the more highly oxidized samples 60 seconds were required for maxi- 
mum intensity, and the color was stable for a long time thereafter. The 
rate of oxidation of carotene crystals seemed to depend somewhat upon the 
previous treatment of the carotene. A carotene solution that had been 
stored in chloroform for 13 days at 0° deteriorated much more rapidly on 
evaporation than ones previously stored in petroleum ether (14). 


TABLE I 


Characteristics of Blue Color Formed with SbCl; and Carotene Fraction of Certain 
Plant Materials 


; Apparent 
Source of carotene fraction vitamin A per Rate of color formation, maximum intensity 
100 y carotene 


3-Carotene 5.7 | 5-10 sec., fades rapidly 
Fresh carrots* 12.0 Immediately, fades rapidly 
Cooked ‘“* * 16.6 * = 
Dried ‘“* * 11.5 4: “i si 
Carotene from fresh carrots 44.5 ss “after 2 min. 
oxidized 1 day* 
Fresh carrots 29.4 “ ‘* rapidly 
Cooked ‘“‘ 13.4 — ss 7 
Dried =‘ 12.9 rl ™ = 
Carotene from fresh carrots 52.4 as stable over 2 min. 
oxidized 1 day 
Carotene from cooked carrots 18.3 After 1 min., faded slowly 
oxidized 1 day 
Egg mash 23.1 aan Pes, 
Alfalfa meal, dried, 300° 8.9 ‘* 30 sec., faded slowly 
= ‘* sun-dried 18.7 ~ ' ei 
" ‘  vacuum-dried 12.3 ‘ 2” “fairly rapidly 
Fresh chard ° 7.6 ** 15-30 sec., faded slowly 
“ alfalfa 9.3 ‘“* 15-30 “ - 3 


* The carotene extract was not saponified. 


A separation of unchanged carotene from its oxidation products was 
effected by treating mg. portions of commercial carotene that had been 
oxidized for 24 hours at room temperature with 100 ml. of 80 per cent 
methanol, and warming slightly to facilitate solution. After cooling, the 
insoluble portion was removed by filtration in a sintered glass funnel and 
was washed with 80 per cent methanol. Both the precipitate and filtrate 
were then transferred to chloroform, and yellow and blue determinations 
were made as before. The precipitate showed a blue to vellow ratio, 6.05, 
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very similar to that for pure carotene, 5.6, and the rate of color formation 
was also that of carotene itself. The fraction soluble in 80 per cent meth- 
anol, on the other hand, developed a blue color at an abnormal rate, with a 
value of 20.4 y of apparent vitamin A per 100 y of carotene. 

In order to determine whether any component of commercial carotene 
was responsible for anomalous Carr-Price reactions, the carotene was ad- 
sorbed out of Skellysolve B solution onto a column consisting of 3 parts of 
Ca(OH). and 1 part of Hyflo Super-Cel. The developing solvent was 
Skellysolve B. Three fractions resulted. Fraction 1 consisted of a firmly 
bound layer near the top of the column which moved only very slowly, but 


TaBLe II 
Reaction between Oxidized Carotene and SbCl; 


- —_ —EEE - ——EE 


Apparent 


Treatment of carotene Carotene | Be ey | ae mate of Se maxon 
carotene 
| -y per ml. ly per ml. ¥ 
Fresh chloroform solu- 199.0 11.4 §.7 10 sec., fades for 2 min. 
tion 
Oxidation of crystals* 
1 day, 20° 131.2 | 11.5 8.7 a am” 2 * 
2 days, 20° 119.5 9.8 8.3 | 30-60 sec., stable 2 min. 
So ar 103.3 9.9 9.6 | 30-60 “ aie itn. 
oo =a | Fas 8.3 11.6 | 60 sec., stable 2 min. 
Chloroform solution 188.0 10.7 5.7 | 10 “ fades slowly 
stored 13 days, 0° 
Oxidation of crystals* 
1 day, 20° 123.6 11.5 9.3 | 2-5 min., stable 
2 days, 20° 92.6 | 10.6 11.6 | 5-15 “ - 
_ 20° 38.8 8.3 21.4 | &15 “ 
ee? FF 17.6 6.9 | 39.2 | 515 “ = 





* The oxidation was carried out by permitting the solvent to evaporate, and the 
crystals to be exposed to the air and light of the laboratory. 


which could be developed into four or five minor bands by treatment with 
Skellysolve B containing 3 to 5 per cent of acetone. Most of these bands 
probably represented oxidation products. Fraction 2 was §8-carotene; 
Fraction 3 was a-carotene. Either the main bands were eluted by the 
flowing chromatogram techniques or the zones were separated mechanically 
and the pigments eluted with a mixture of 5 per cent ethanol in Skellysolve 
B. The unknown pigments of Fraction 1 developed the Carr-Price color 
at an abnormal rate, and the blue to yellow ratio was also higher than that 
for a- or 8-carotene (Table III). Similarly, when partially oxidized caro- 
tene was passed through Ca(OH)-., the pigments responsible for the abnor- 
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mal reaction with SbCl; were found to accumulate at the top of the column 
(Table III). 

Stereoisomers of Carotene—The abnormal reaction between the oxidation 
products of carotene and SbCl; raised the question whether stereoisomers of 
carotene might not also differ from the all-trans isomer in this respect. For 
the production of stereoisomers (12) solutions containing 0.2 mg. of rechro- 
matographed 8-carotene and 0.004 mg. of I, per ml. of petroleum ether were 
covered with a watch-glass and exposed for 1 hour to light from a 100 watt 
incandescent lamp at 20 em. The solution was then washed four times 
with 0.1 M NaS.O; and twice with distilled water. This crude isomerization 
mixture yielded approximately the same intensity of blue per unit of yellow 
as 8-carotene itself, but the Carr-Price reaction was abnormal in that the 


Tas III 
Characteristics of Blue Color Formation of Main Components of Commercial Carotene 


Apparent vitamin | 


A per 100 y carotene | Rate of color formation, maximum intensity 


Treatment of carotene 


Y 
Fresh commercial carotene | 5.6 10 sec., faded rapidly 
solution 
Fraction 1 9.9 /2min., “ — slowly 
- 2, 8-carotene 5.25 '10sec., “rapidly 
2, oxidized 1 day, 20° 11.6 2min., “ slowly 
G 3, a-carotene 5.13 | 15sec., “rapidly 
3, oxidized 1 day, 20° 10.5 _2min., “ slowly 
Commercial, carotene oxidized 18.9 | 1 “ — stable 2 min. 
1 day, 20° 
Fraction | 20.5 5 “faded slowly 
x 2, 8-carotene 5.7 10 sec., ‘“‘ rapidly 


“ 3, a-carotene 5.1 1§ “ ” 


blue color was stable for over 2 minutes in contrast to the rapid fading of 
the blue due to all-trans 8-carotene (Table IV). Samples of 8-carotene, 
illuminated and extracted as before but not exposed to iodine, yielded a 
normal Carr-Price reaction. 

For the separation of the stereoisomers 50 mg. of crystalline 8-carotene 
were isomerized, the solution was washed as before, and the resulting mix- 
ture chromatographed on a percolator type column 90 mm. (top) X 270 
mm. The adsorbent consisted of a mixture of 3 parts of Ca(OH): (Merck) 
and 1 part of Hyflo Super-Cel. The chromatogram was developed with a 
0.5 per cent solution of acetone in Skellysolve B, with the separation of 
neo-8-carotene U, 8-carotene, neo-6-carotene B, neo-8-carotene E, and 
several other unidentified minor bands. The bands were removed mechani- 
cally, and the pigments eluted from the adsorbent with a 5 per cent solution 
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of absolute ethanol in Skellysolve B. The various pigments were then re- 
chromatographed on a smaller column until they appeared homogeneous. 
Solutions of the isomers in Skellysolve B exhibited the following maxima 


in the Beckman spectrophotometer. 


Compound Wave-lengths, in mu Literature (12) 
Neo-8-carotene U... rere cers . 482, 451 481, 450 
“ 6s: ‘Sir 476.5, 445.5 475.5, 443.5 
” ee it ane ad Winks teres 478, 446 479.5, 447 
Top firmly held bands....... See 481, 453 


(The literature values given are for petroleum ether solutions.) 


' 
In general all of the stereoisomers of carotene reacted with SbCl; much 
like 8-carotene itself, with relatively minor variations in the rates of color 


TasLe IV 


Effects of Isomerization of 8-Carotene on Apparent Vitamin A to Carotene Ratio and 
on Carr-Price Reaction 





Apparent j 
Sample vitamin A per Rate of color formation, maximum intensity 
100 y carotene 


8-Carotene 5.61 5 sec., faded rapidly 
Isomerized 8-carotene (I, | 6.5 Immediately, stable over 2 min. 
catalysis) 
Treated as above, except I, 5.37 5 sec., faded rapidly 
not used 
Top firmly held band from 8.9 15-30 sec., faded slowly 
isomeric mixture 
Neo-8-carotene U 5.7 i510 “ “rapidly 
B 8.2 | 30-60 “ ‘very slowly 
= E 8.1 30-45“ ‘slowly 


formation and in the blue to yellow ratios. Neo-8-carotene U was like all- 
trans 8-carotene in both respects, but neo-8-carotene B formed a blue color 
that increased in intensity for 30 to 60 seconds after treatment with SbCl 
and then faded very slowly, in contrast to the usual rapid formation of color 
and rapid fading of the natural isomer. Neo-8-carotene E aad the mixture 
of isomers retained at the top of the column also reacted slowly with SbCh. 
The blue to yellow ratio of most of the isomers ranged from 8.1 to 8.9 ¥ of 
apparent vitamin A per 100 y of carotene, as compared to 5.6 for all-trans 
8-carotene (Table IV). Thus isomerization may be responsible for varia- 
tions both in the amount of blue color formed and in the rate at which it 
forms or disappears. These variations are sufficient to introduce an ele- 
ment of uncertainty in the correction factor to be applied in the analysis of 
crude mixtures for vitamin A value, but it is also evident that as chromogens 
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the stereoisomers resemble §-carotene more closely than the oxidation prod- 
ucts do. The highest blue to yellow ratio from the isomers, 8.9 (Table IV), 
is very much closer to the ratio for 8-carotene, 5.6, than that of certain 
“carotene fractions” from carrots, 11.5:52.4 (Table 1), or the ratios of 9.3: 
39.2 observed on oxidized commercial carotene (Table Il). Meunier (15) 
has suggested that the blue derivatives of carotene are always in the all- 
trans form after reaction with SbCl. 


DISCUSSION 


The wide variations in the blue to yellow ratios observed on carotene 
fractions from natural materials raise the question whether it is ever advis- 
able to use such correction factors in the determination of vitamin A in 
crude mixtures. If vitamin A and pure carotene only were present, a satis- 
factory correction would be possible, but in crude materials oxidation often 
has taken place before the sample is submitted for analysis; and hence, any 
attempt to determine vitamin A becomes one of measuring the vitamin in 
the presence of several types of interfering agents, including carotene itself, 
the effect of which is constant and reproducible, and the oxidation products, 
which represent a variable component capable of exerting a much greater 
effect upon the SbCl; reaction, both qualitatively and quantitatively (Table 
III), than carotene itself. In addition, other carotenoids could exert vari- 
able effects on the reaction. 

Accordingly it is almost imperative that these components be separated 
by chromatography, if reliable analyses for vitamin A are desired. Thomp- 
son et al. (16) have established conditions under which vitamin A from 
dehydrated eggs is distributed on Ca(OH), between and including the zones 
due to 8-carotene and cryptoxanthine. Under their conditions the more 
harmful oxidation products of carotene would be retained at the top of the 
absorption column. 


SUMMARY 


1. Under conditions ordinarily employed in the colorimetric’ determina- 
tion of vitamin A, the blue from carotene reached maximum intensity in 
5 to 10 seconds, and then faded rapidly. The blue from 100 y of pure 
carotene equaled that from 5.6 y of vitamin A. Carotene fractions from 
crude natural products formed blue colors that reached maximum intensity 
in 15 to 120 seconds with apparent vitamin A equivalents ranging from 7.6 
to 52.4 y per 100 y of carotene. 

2. Partially oxidized carotene developed blue colors with SbCl; that in- 
creased in intensity for as long as 15 minutes after the addition of the re- 
agent, with grossly abnormal blue to yellow ratios. The interfering agents 
could be separated from the carotene by extraction with 80 per cent meth- 
anol, or by chromatography. 
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3. Most stereoisomers of 8-carotene reacted with SbCl; somewhat more 
ywly than the natural all-trans isomer, and the blue to yellow ratio was 


also increased slightly. 
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The production of several mutant strains of Escherichia coli which re- 
quire for growth an exogenous source of particular amino acids (1) has 
made possible «a study of the manner in which individual mutants can use 
peptides and other amino acid derivatives for growth. In the present 
communication, data are presented on the utilization of derivatives of 
phenylalanine and tyrosine by appropriate mutants of Escherichia celi. 

One of the mutant strains (No. 58-278) which requires phenylalanine 
was obtained by irradiation with x-rays of strain 58, a mutant strain ob- 
tained previously and characterized by a requirement for biotin (2). Two 
additional strains which require phenylalanine (strains 58-4899 and 58- 
6314) and a strain which requires tyrosine (strain 58-5030) were obtained 
upon exposure of strain 58 to methyl-bis(8-chloroethyl)amine (3). No 
differences could be observed among the three strains which were unable to 
synthesize phenylalanine from the constituents of the basal medium 
(2) and in the present discussion they will be considered as a single 
strain, t.e. phenylalanineless. 

The amino acid requirement of each mutant strain was completely 
specific; the phenylalanineless strain grew in the presence of L-phenylalanine 
but not in the presence of L-tyrosine, and the tyrosineless strain grew in the 
presence of L-tyrosine but not of L-phenylalanine. For half maximal 
growth in 24 hours at 30° the phenylalanineless strain required, per 10 ml. 
of medium, approximately | X 10-* ma of phenylalanine or 2 X 10~‘ mM 
of pt-phenylalanine. The amount of L-tyrosine which gave, per 10 ml. of 
medium, half maximal growth for the tyrosineless strain was 0.9 X 10~ 
mM and the amount of DL-tyrosine was 2.1 X 10-* mm (Fig. 1). Thepb 
antipodes were not utilized for growth and, as may be seen from the data on 
the DL-amino acids, did not inhibit growth under the experimental condi- 
tions employed in this study. 

In the study of the utilization of derivatives of phenylalanine and tyro- 
sine, these were added to the basal medium, and, if growth occurred, a 


* These studies were aided by grants from the Williams-Waterman Fund of the 
Research Corporation and from the Rockefeller Foundation. 
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determination of the amount required for half maximal growth was carried 
out. Experiments were performed to determine any possible sparing 
action of test compounds in the presence of sufficient L-phenylalanine or 1- 
tyrosine to permit half maximal growth. Under these conditions, none 
of the compounds tested exerted an inhibitory action on bacterial growth. 

Utilization of Peptides of Phenylalanine and Tyrosine—As will be noted 
from Table I, glycyl-t-phenyilalanine and t-phenylalanylglycine, on an 
equimolar basis, are approximately as effective in promoting growth as is 
L-phenylalanine, while L-glutamyl-L-phenylalanine is markedly less effective 
for growth. When the phenylalanine carboxyl is converted to an amide, 
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Fie. 1. Growth curves of mutants of Escherichia coli in the presence of added 
phenylalanine or tyrosine. Phenylalanineless strain; X, L-phenylalanine, O, DL- 
phenylalanine. Tyrosineless strain; A, .-tyrosine, 0, pt.-tyrosine. 


as in L-phenylalaninamide and glycyl-L-phenylalaninamide, the ability ol 
the resulting compounds to promote growth is greatly reduced. The fact 
that none of the compounds tested is more effective than L-phenylalanine 
itself suggests that these derivatives must be split to yield the free amino 
acid, which then serves as a growth factor. If this is the case, then the 
variation in the effectiveness of the individual phenylalanine derivatives 
may be interpreted as a reflection of the rate at which they are hydrolyzed 


by the bacterial enzymes. 

The data in Table I also show that carbobenzoxyglycyl-L-phenylalanine 
has some growth-promoting activity which is, however, much less than 
that found for the free peptide. 
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It was of interest to compare the results on the utilization of phenyl- 
alanine peptides by the phenylalanineless mutant with those on the effect 
of analogous tyrosine peptides on the tyrosineless mutant. It will be seen 
from Table I that, in all cases tested, the comparable tyrosine peptides were 
effective in promoting growth. Furthermore, the quantitative data in- 
dicate that the relative efficacy with which a given peptide replaces its 


TaBLeE I 


Effect of Phenylalanine and Tyrosine Derivatives on Growth of Mutant 
Strains of Escherichia coli 














Phenylalanineless strain T yrosineless strain 
| Concentra- | | Concentra- 
Compound®* lhalf mazimel | Compound® A Pe 
| growth growth 
| wear X 106 | | mac X 108 
t-Phenylalanine 1 u-Tyrosine | 0.9 
pt-Phenylalanine 2 =| pu-Tyrosine ; 2.1 
Glycyl-t-phenylalanine (4) | 1 Glycyl-.-tyrosinet 1.3 
t-Glutamyl-.-phenylalaninef 3 | t-Glutamyl-t-tyrosine (5) 1.9 
| L-Leucyl-L-tyrosinet 1.4 
| t-Tyrosyl-u-tyrosine (5) 0.7 
t-Phenylalanylglycine (4) 1.5 | u-Tyrosylglycinet 1.3 
t-Phenylalanylglycinamide | 4 
acetate (6) | 
L-Phenylalaninamide ace- 33 | L-Tyrosinamide acetate (7) 31 
tate (6) 
Glycyl-t-phenylalaninamide | 95 | Glycyl-L-tyrosinamide ace- | 64 
acetate (6) _ tate (6) 
Carbobenzoxyglycyl-t- 401 Carbobenzoxyglycyl-.- 235 
phenylalanine (8) | tyrosine (9) 
Phenylpyruvic acid 9 | p-Hydroxyphenylpyruvic / 110 
| acid 
L-8,4-Dihydroxyphenylala- | >102 | L-3,4-Dihydroxyphenylala- | 14 
nine | nine 


* The figures in parentheses refer to bibliographic reference numbers. 
t The synthesis of this compound is described in the experimental section. 
t Hoffmann-La Roche preparation. 


parent amino acid as a growth factor is similar for the phenylalanine and 
tyrosine series. If it is assumed that the controlling factor in the utili- 
zation of the phenylalanine and tyrosine peptides is the rate at which they 
are hydrolyzed by the bacterial enzymes, then the similarity in the rel- 
ative effectiveness of the two series is not unexpected in the light of current 
views concerning the specificity of proteolytic enzymes (10). 

Utilization of Acetylphenylalanine and Acetyltyrosine—The similarity 
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. 
in the behavior of phenylalanine and tyrosine derivatives, noted above, 
was also observed in the case of the acetylamino acids. Acetyl-L-phenyl- 
alanine and acetyl-L-tyrosine, in high concentrations, were unable to pro- 
mote the growth of the phenylalanineless and tyrosincless mutants respee- 
tively (Table II). 

In contrast to the data obtained with Escherichia coli, acetyl-pi-phenyl- 
alanine has been found to replace phenylalanine in the diet of the growing 
rat (16). In addition, recent data (17) have given support to the view 
(18, 19) that acetylamino acids are normal intermediates in the amino acid 
metabolism of animal tissues. 

Utilization of Phenylpyruvic and p-Hydroxyphenylpyruvic Acids—Ex- 
amination of the effectiveness of the keto acids corresponding to phenylala- 
nine and tyrosine for the growth of the appropriate mutants showed that 
phenylpyruvic acid was utilized by the phenylalanineless strain for growth, 
while high concentrations of p-hydroxyphenylpyruviec acid were required 
to show a slight growth-promoting effect on the tyrosineless mutant (Table I). 

The simplest interpretation of these results would be that the pheny/l- 
alanineless mutant, and presumably the wild type strain, is able to convert 
phenylpyruvic acid to phenylalanine by direct amination, while the fyro- 
sineless strain, and presumably the wild type strain, performs the analogous 
reaction in the synthesis of tyrosine at a very slow rate. ‘The appreciable 
difference in the rate of utilization of phenylpyruvic acid by the phenyl- 
alanineless mutant and of p-hydroxyphenylpyruvie acid by the tyrosineless 
mutant suggests that the metabolism of the two keto acids may follow 
different pathways in Escherichia coli. A similar conclusion has been 
reached by Sealock et al. (20) in a study of the metabolism of these keto 
acids in the scorbutie guinea pig. 

Although phenylpyruvie acid is active as a growth factor for the phen- 
ylalanineless strain, this mutant cannot utilize phenylpyruvylglycine in 
place of phenylalanine (Table [1). The hydrolysis of the keto acylamino 
acid to form phenylpyruvie acid, therefore, does not proceed at a rate 
sufficient to promote growth. In addition, the possible amination of the 
keto acylamino acid to yield phenylalanylglycine, which is an active 
growth substance, also does not occur at a rate sufficient to support growth. 
Keto acylamino acids have been suggested as possible intermediates in 
biological peptide synthesis (21, 22). The phenylalanineless mutant, 
however, apparently does not synthesize phenylalanylglycine from the 
corresponding phenylpyruvylamino acid. 

Effect of Peptides of Dehydrophenylalanine and Dehydrotyrosine—There 
has been some discussion as to the possible réle of derivatives of amino- 
acrylic acid (dehydroalanine) in the intermediary metabolism of amino 
acids and peptides (23, 24). This question could be explored with the aid 
of the phenylalanineless and tyrosineless mutants, and experiments, were 
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performed in which several derivatives of a-aminocinnamic acid (dehydro- 
phenylalanine) or a-amino-p-coumaric acid (dehydrotyrosine) were tested 
for their ability to replace the parent amino acids. 


TaBLe II 
Effect of Phenylalanine and Tyrosine Derivatives on Growth of Mutant Strains 
of Escherichia coli 
The figures in brackets denote the maximal amount of compounds, in mm X 104 
per 10 ml., used in the tests. 


/ 
Phenylalanineless strain Tyrosineless strain 








ht Se dere ba | Sparing action | Activity in| Sparing 
ae Activity in Place Of ‘onphenylalanine| place of | ction on 
. requirement tyrosine ‘requirement 

.-Phenylalanine | + | —[212] | — [212] 
p-Phenylalanine — [121] 
pL-Phenylalanine + — [363] — [363] 
Glyeyl-L-phenylalanine + | —[90] | —{90] 
Glycyl-p-phenylalanine* — [90] 
Glycyldehydrophenylalanine (11) — [91] —(46) | —[460] | — [276] 
Glycyldehydrophenylalanylgly- — [360] —(216] | —[360] | —[216) 

cinet (11) | 
Glyeyldehydrophenylalanylglu- — [55] 

tamic acid ammonium salt (11) 
Glycylphenylserine (12) — [84] —{42] | 
Acetyl-.-phenylalanine — [100] —[50} | —[100] 
Acetyl-p.-phenylalanine — [100] 
Acetyldehydrophenylalanine (13) — [100] —|50) | | 
Phenylpyruvic acidt + | —([61] — {61} 
Phenylpyruvylglycine (14) — [100 
Phenylpyruvylglvcineoxime (14) — [85] | —[43] | 
t-Tyrosine +at [55-100)t | +at [110]t}) + 
pi-Tyrosine — [110] —{110) | + 
Glyeyl-L-tyrosine — [83] — [42] + 
Acetyl--tyrosine — [90] _ — [134] — [45] 
Acetyldehydrotyrosine (15) —[270] | —[270] 
p-Hydroxyphenylpyruvie acidt — (55) —(55) | + 
Phenol ' —fll] | —fil] 
Phenol + pt-serine§ - - 
L-3,4-Dihydroxyphenylalaninet — (102) — [51] +- 


* This compound, when tested in quantities up to 90 X 10-* mm per 10 ml., did not 
inhibit the growth of the phenylalanineless strain in the presence of glycyl-.-phenyl- 
alanine. The synthesis of this compound is described in the experimental section. 

t Compound tested by adding filter-sterilized solution to autoclaved media. 

t Activity ascribed to traces of phenylalanine present as impurity. 

§ Phenol used in amounts of 6 and 11 X 10-‘ mm per 10 ml., and tested in the 
presence of 1 to 5 molar equivalents of pDL-serine. 

{ Compound tested in the absence and presence of ascorbic acid, as described 
in the text. 
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Although glycyl-u-phenylalanine was, on a molar basis, approximately 
as active a growth factor as L-phenylalanine, glycyldehydrophenylalanine 
as well as glycyldehydrophenylalanylglycine and glycyldehydrophenyl- 
alanylglutamic acid were inactive (Table II). The phenylalanineless strain 
of Escherichia coli appears, therefore, to be unable to hydrogenate the 
a-8 double bond of the dehydropeptides to yield the corresponding saturated 
peptides. Furthermore, the mutant is incapable of hydrolyzing glycylde- 
hydrophenylalanine to glycine, ammonia, and phenylpyruvie acid, since 
the last named compound, if formed, would have acted as a growth factor 
in place of phenylalanine. The existence of an enzyme which specifically 
hydrolyzes dipeptides containing dehydtoamino acids has been demon- 
strated in extracts of animal tissues (25), but does not appear to be present 
in an active form in the bacterial cultures used in this study. 

It is possible that the bacteria can actually perform either the reduction 
or the hydrolysis of glycyldehydrophenylalanine but at a rate not suffi- 
ciently rapid to produce bacterial growth under the experimental con- 
ditions employed in this study. However, since none of the dehy- 
dropeptides tested showed any activity even in the presence of suboptimal 
amounts of phenylalanine, 7.e. they did not exert a sparing action on the 
phenylalanine requirement of the mutant, it is doubtful whether they 
can serve as normal intermediates in phenylalanine synthesis by the mu- 
tant strain. It is also doubtful whether the dehydropeptides serve as 
normal intermediates in phenylalanine synthesis in the wild type strain 
of Escherichia coli, since the anabolism of this amino acid in the mutant 
and wild type strains should be identical, except for a single gene-controlled 
reaction which is lacking in the mutant (3). This gene-controlled reaction, 
in the case of the phenylalanineless mutant, is probably involved in the 
synthesis of phenylpyruvic acid, since the mutant is able to convert phen- 
ylpyruvic acid to phenylalanine. Unless dehydrophenylalanine peptides 
are the only precursors of phenylpyruvic acid, which appears unlikely, the 
gene-controlled reaction which is lacking in the mutant cannot involve 
the conversion of such peptides to phenylalanine. 

Not only are the peptides containing dehydrophenylalanine inactive 
in promoting the growth of the phenylalanineless mutant, but acetyl- 
dehydrophenylalanine is similarly inactive. Furthermore, the tyrosineless 
strain is unable to grow when supplied with acetyldehydrotyrosine. It 
will be recalled that acetyl-L-phenylalanine and acetyl--tyrosine do not 
serve as growth factors for these mutants. Thus, reduction of the dehydro 
compounds to the corresponding acetylamino acids would not be detected 
by the experimental technique employed in this study. 

Consideration was given to the possibility that tyrosine may be syn- 
thesized from a precursor other than the keto acid. Since tryptophan 
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has been shown to be formed from indole and serine by Neurospora (26), an 
analogous mechanism for the synthesis of tyrosine from phenol and serine 
was tested with the tyrosineless strain of Escherichia coli. No indication of 
tyrosine synthesis was obtained, however, although the concentrations of 
phenol employed were without any toxic effect on the growth of the mutant 
in the presence of tyrosine (Table IT). 

Utilization of L-3,4-Dihydroxyphenylalanine—The possible activity of 
L-3,4-dihydroxyphenylalanine (dopa) as a growth factor for both mutant 
strains also was studied. Since test solutions of minimal medium sup- 
plemented with dopa darkened markedly during the 24 hour incubation 
period, it was necessary to correct the density measurements made with 
the Evelyn colorimeter for the color developed. Other growth tests were 
carried out in the presence of ascorbic acid (5 mg. per 10 ml. of medium) 
which completely prevented oxidation of dopa but did not inhibit or ac- 
celerate the growth of the mutants in the presence of phenylalanine or 
tyrosine. The dopa used in these experiments was a Hoffmann-La Roche 
preparation. 

Dopa was found to be completely inactive as a growth factor for the 
phenylalanineless strain (Table II). Nor did it show any sparing action on 
the phenylalanine requirement of this strain. However, it had appreciable 
activity for the tyrosineless mutant. The concentration giving half maxi- 
mal growth was 14 X 10-‘ mM per 10 ml. (Table I). The same value was 
obtained in tests carried out in the absence and in the presence of ascorbic 
acid. 

To our knowledge, this is the first instance in which dopa has been found 
to serve in place of tyrosine in an in vivo system. 

Interrelationships between Tyrosine and Phenylalanine Metabolism in 
Escherichia coli—From the experiments with the phenylalanineless and 
tyrosineless mutant strains of Escherichia coli some information pertaining 
to the metabolic relationships between phenylalanine and tyrosine in this 
organism also has been obtained. In contrast to the data for the rat, 
which can perform the in vivo conversion of dietary phenylalanine to ty- 
rosine (27), phenylalanine does not seem to serve as a precursor of tyrosine 
for the Escherichia coli mutants. As mentioned earlier, the phenylala- 
nineless mutant will not grow in a medium containing tyrosine or its de- 
rivatives in place of phenylalanine. Nor does tyrosine, or any of the com- 
pounds which serve as a source of tyrosine for the tyrosineless mutant, exert 
any detectable sparing action on the phenylalanine requirement. Such a 
sparing action would certainly be expected if part of the phenylalanine 
required by the phenylalanineless mutant served as an in vivo source of 
tyrosine. It is of interest also that the /yrosineless mutant strain could not 
utilize phenylalanine or phenylalanine derivatives as a source of tyrosine. 
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Additional evidence in support of the view that phenylalanine is not 
converted into tyrosine by the phenylalanineless mutant was obtained in 
two large scale experiments in which the mutant strain was grown in the 
presence of 75 mg. of t-phenylalanine, and acid hydrolysates of the bacteria 
were assayed for phenylalanine and for tyrosine. The mutant strains were 
found to be satisfactory assay organisms for these two amino acids in re- 
covery experiments with the bacterial hydrolysates to which known quanti- 
ties of phenylalanine or tyrosine had been added. 

In one large scale experiment, the hydrolysate was found to contain 
about 60 mg. of L-phenylalanine and, in another experiment, about 80 mg., 
i.e., approximately as much phenylalaniné as had been added to the medium 
in which the bacteria were grown. Since the hydrolysate in the first ex- 
periment contained about 35 mg. of L-tyrosine and 49 mg. in the second 
experiment, the sum of the bacterial phenylalanine and tyrosine was very 
much greater than that which could result if the exogenous phenylalanine 
served as a source of tyrosine as well as of phenylalanine. 

These data are difficult to reconcile with the recent conclusion (28), 
drawn from inhibition studies with 8-2-thienylalanine, that in Escherichia 
coli phenylalanine is converted to tyrosine by direct oxidation. 


EXPERIMENTAL 


Production of Mutant Strains—The production and isolation of strain 
58-278 by x-ray treatment of strain 58 has been described previously (2). 
Strains 58-4899, 58-5030, and 58-6314 were obtained following the treat- 
ment of strain 58 with methyl-bis (8-chloroethyl)amine. Strains 58-4899 
and 58-5030 were isolated from a culture of strain 58, which was exposed for 
20 minutes to a 0.1 per cent solution of the amine and then incubated for 4 
hours prior to plating out on complete medium (3). Strain 58-6314 was 
isolated from a culture of strain 58 exposed for 30 minutes to a 0.1 per cent 
solution of the amine in citrate buffer of pH 6.25 and incubated for 5 hours 
prior to plating out on complete medium (3). 

Testing of Compounds—For the determination of the activity of phenyl- 
alanine or tyrosine derivatives as growth factors for the mutant strains, the 
organisms were inoculated into 10 ml. of minimal medium (1) containing 
0.01 y of biotin and graded amounts of the test compound. The results of 
such tests were recorded after incubation of the culture tubes at 30° for 24 


hours. 

All test compounds were added to the minimal medium prior to steriliza- 
tion of the latter by autoclaving. In some cases, as noted in Table II, a 
filter-sterilized solution of the test compound was prepared and added, with 
sterile technique, to the autoclaved minimal medium in order to avoid 
possible decomposition of the compound due to autoclaving. In only one 
instance was there any difference between the results obtained by the two 
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methods. While filter-sterilized solutions of glycyldehydrophenylalanyl- 
glycine showed no activity, autoclaved solutions of this substance exhibited 
a slight activity for the phenylalanineless strain (Table II). This may be 
attributed to slight decomposition of the peptide to yield phenylpyruvic 
acid. 

For the measurement of the rate of growth, the density of the cultures was 
measured by means of an Evelyn photoelectric colorimeter with filter No. 
540. The concentration of each compound which produced half maximal 
growth was estimated from a growth curve. ‘The relative activity of a test 
compound as compared to L-phenylalanine or L-tyrosine was calculated for 
the test and reference compounds from data obtained on the same day. 

In order to study the possible sparing action of test compounds, these 
were added to a medium containing sufficient L-phenylalanine (1 X 10-* mM 
per 10 ml.) or L-tyrosine (0.9 X 10~‘ mm per 10 ml.) to permit half maximal 
growth. 

L-Glutamyl-L-phenylalanine—-2 gm. of the carbobenzoxydipeptide (29) 
were hydrogenated in methanol in the presence of palladium black. The 
peptide separated out during the hydrogenation and was dissolved by the 
addition of water. The filtrate from the catalyst was evaporated and, on 
addition of aleohol, the peptide crystallized. Yield 1.1 gm. The substance 
was dried at 78° in vacuo over phosphorus pentoxide. 


CysH)sO;Ne. Calculated. C 57.0, H 6.2, N 9.5 
294.3 Found. ** 56.8, ** 6.3, ‘‘ 9.5 
la]p = +27.0° (2% in water + 1 equivalent of HCl) 


Glycyl-L-tyrosine-—3 gm. of the carbobenzoxydipeptide (9) were hydro- 
genated in the usual manner. Yield 1.7 gm. The substance was dried at 
78° in vacuo over phosphorus pentoxide. 

Cy HyOwe. Calculated. C 55.5, H 5.9, N 11.75 


. 238.2 Found. “* 55.4,‘ 5.9,“ 11.5 
la]y = +43.7° (2% in water + 1 equivalent of HCl) 


L-Tyrosylglycine—-2.5 gm. of the carbobenzoxydipeptide (9) were hydro” 
genated in the usual manner. Yield 1.5 gm. The substance was dried at 
78° in vacuo over phosphorus pentoxide. 

Cy, HyOwWs. Calculated. C 55.5, H 5.9, N 11.75 
238.2 Found. * oe Gt, See 
la]p = +65.9° (2% in water + 1 equivalent of HCl) 

Glycyl-p-phenylalanine—This compound was prepared in the same manner 
(4) as was the L form. 

Cy HyOsNs:. Calculated. Cc 59.4, H 6.3, N 12.6 
222.2 Found. “pe” 6a.” GF 
lalh = —41.7° (2% in water) 
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SUMMARY 


The utilization of derivatives of phenylalanine and tyrosine has been 
studied with artificially produced mutant strains of Escherichia coli which 
require for growth exogenous sources of L-phenylalanine and L-tyrosine. 
Simple peptides of phenylalanine and tyrosine were found to serve as growth 
factors for the phenylalanineless and tyrosineless mutants respectively. 
Phenylpyruvic acid and p-hydroxyphenylpyruvic acid also were capable of 
replacing phenylalanine and tyrosine. However, acetylphenylalanine and 
acetyltyrosine were inactive in growth tests. 

The relative efficacy of a given peptide as a growth factor was similar 
for the phenylalanine and tyrosine series, but phenylpyruvic acid showed a 
relatively greater activity for the phenylalanineless mutant than p-hydroxy- 
phenylpyruvic acid showed for the tyrosineless mutant. 

The phenylalanineless strain was unable to use peptides of dehydrophenyl- 
alanine for growth. Likewise, acetyldehydrophenylalanine or acetyldehy- 
drotyrosine did not serve as growth factors for the phenylalanineless or 


tyrosineless mutants. 
Data are presented to show that the mutant strains do not synthesize 


tvrosine from phenylalanine. 
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Kometiani, in 1931 (1), developed a titrimetric method for the macro- 
determination of citric acid (4 to 40 mg.) based on the reaction of warm 
alcoholic solutions of organic bromides with sodium or potassium iodide, 
which had been described by Finkelstein in 1910 (2). Citric acid was first 
oxidized and brominated to pentabromoacetone. The pentabromoacetone 
which precipitated quantitatively was filtered off and dissolved in alcohol, 
to which acetic acid was added to favor the substitution of bromine by 
iodine. The alcoholic solution was then heated to just below boiling on a 
water bath, with the addition of an alcoholic solution of sodium iodide. 
The iodine liberated was titrated with sodium thiosulfate. 

The reaction between pentabromoacetone and sodium iodide in acid 
solution is believed to take place as shown in the accompanying scheme. 


CHBr: CHBr: CHBr, 
| OH 
eos 2HI ~ 
C=0 —_ © + HBr —— C—OH + I, 
™ 
i 
CBr; CBrel CBr. 
Pa 
CHBrze CHI, CH 
| len 
! 4HI ; 
C—OH —, C—OH + 4HBr —— C—OH + 2I, 


C 
| | PB 
CBr. Cl C 
= 
Thus, | molecule of citric acid = 61. 
By the substitution of colorimetry for titration, it has been found 
possible to adapt this prodecure, with suitable modifications, to the estima- 


* Aided by grants from the Committee for Research in Endocrinology of the Na- 
tional Research Council, Wyeth, Incorporated, and the Schering Corporation. The 
technical assistance of B. Hirsch, 8. Lewis, I. Litt, A. de Lorenzo, T. Schor, and E. 
Umaki is gratefully acknowledged. 
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tion of citric acid in blood and urine in amounts as small as 10 y. In the 
method to be described, the conversion of citric acid to pentabromoacetone 
is carried out by a modification of the method of Goldberg and Rernheim 
(3). The substitution of bromine by iodine and the liberation of a colored 
iodine complex with alcoholic sodium iodide is then carried out according 
to the reaction of Finkelstein, as applied to pentabromoacetone by Ko- 
metiani. ‘The resultant color is measured by means of the Klett-Summer- 
son photoelectric colorimeter. 


EXPERIMENTAL 


‘ 


Reagents— 

1. Citrie acid stock solution; prepared from potassium citrate, 
K;C,H;0;-H,O, and 1 N sulfuric acid. 1.6894 gm. of potassium citrate 
are dissolved and diluted to 1 liter with | N sulfuric acid. This solution is 
stable for at least a year. 1 cc. contains 1 mg. of anhydrous citric acid; 
lower concentrations are freshly prepared by appropriate dilutions of the 
stock solution. 

2. Trichloroacetic acid, 10 per cent. 100 gm. of trichloroacetic acid are 
dissolved and diluted to 1 liter with distilled water. 

3. Trichloroacetic acid, 9.3 per cent; 93 gm. of trichloroacetic acid per 
liter. 

4. Sulfuric acid, 27 nN. 750 cc. of concentrated sulfuric acid are slowly 
added to 250 ce. of distilled water; after cooling, the solution is further 
diluted to 1 liter. 

5. Bromide-bromate solution, 2.N. 42.88 gm. of NaBr and 12.58 gm. of 
NaBrO; are dissolved and diluted to 250 ce. with distilled water. 

6. Hydrazine solution, 10 N. 65 gm. of NeHs-H»SO, are dissolved 
with the aid of 100 ec. of 20 per cent NaOH and diluted to 200 cc. 

7. Potassium permanganate, 5 per cent. 50 gm. of KMnQ, are diluted 
to 1 liter and boiled for 10 minutes. After cooling to room temperature 
the solution is filtered through glass wool and adjusted to volume. 

8. Manganese sulfate, 40 per cent. 400 gm. of MnSO,-H,0 are diluted 
to 1 liter and heated to about 50° until dissolved; after cooling to room 
temperature the solution is filtered and adjusted to volume. 

9. Normal heptane, b.p. 98°. A pure grade (99 mole per cent pure) 
is employed which can be used without further purification.’ 

10. Alcoholic sodium iodide solution, 10 per cent. The required amount 
is dissolved and diluted with 95 per cent ethyl alcohol. The solution is 
made up in amber-colored volumetric flasks to minimize the liberation of 
iodine by the influence of light. This should be freshly prepared before use. 


1 We are indebted to Mr. Leader of the Phillips Petroleum Company, Bartlesville, 
Oklahoma, for his helpfulness in obtaining a satisfactory grade of norma! heptane. 
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11. Bromocresol green indicator solution, 0.04 per cent. 400 mg. are 
dissolved in 6 cc. of NaOH, 0.1 N, and diluted to 1 liter. 


Method 


The steps in the analytical procedure are identical for blood serum, 
plasma, and urine except for the use of different dilution factors. Citric 
acid is converted in a strongly acid solution to pentabromoacetone, which is 
then extracted with heptane and treated with alcoholic NaI. The inten- 
sity of the resultant color is determined in the Klett-Summerson photo- 
electric colorimeter with Filter 42. 


Procedure for Determination of Citric Acid in Serum or Plasma 


Preparation of Protein-Free Filtrate—Kither serum or oxalated plasma is 
used. Heparin is an unsuitable anticoagulant, since it interferes with the 
citric acid determination. 1.5 cc. of serum or plasma are added to 11 ce. 
of 10 per cent trichloroacetic acid in a 15 ce. centrifuge tube. It was 
found convenient to have volumetric pipettes made up of these capacities. 
The mixture is well stirred, allowed to stand at room temperature for 
about 10 minutes, and then centrifuged for the same period of time at 
about 1500 r.p.m. The supernatant is filtered through a 4 cm. No. 42 
Whatman dry filter paper into a 25 cc. Erlenmeyer flask. 

When abnormal amounts of acetone bodies are present in the blood, the 
filtrate is prepared and treated as follows: 3 ec. of plasma are used instead of 
1.5 ec. and added to 22 cc. of 10 per cent trichloroacetic acid; 20 cc. of the 
protein-free filtrate are pipetted into a 50 cc. Erlenmeyer flask and the 
volume reduced to about 6 ec. by boiling on a hot-plate. After filtration 
into a 25 ce. graduated cylinder and readjustment when cool to the original 
volume of 20 cc., a 10 ec. aliquot is used for analysis. This preliminary 
treatment removes acetone and acetoacetic acid. $8-Hydroxybutyric acid 
interferes to some extent; the interference is not destroyed by heating but 
is subsequently reduced through the preliminary bromination. 

Preliminary Bromination and Extraction—10 cc. of the protein-free 
filtrate are pipetted into a 30 cc. glass-stoppered Pyrex bottle to which 5 ce. 
of 27 ~ sulfuric acid from a burette and 1 ec. of the bromide-bromate 
mixture are added under a hood. The mixture is allowed to stand at 
room temperature for about 30 minutes until it has reached room tempera- 
ture. 0.2 ec. of hydrazine is added and the mixture shaken until the free 
bromine is reduced. At this point, the procedure can be interrupted, 
if desired, and the filtrate kept in the ice box for several days with no 
loss of citric acid. 6 ec. of heptane are now added and the bottle is stop- 
pered and shaken in a Schaerr shaking machine (or any suitable shaking 
device) for about 3 minutes. After there has been a complete separation of 
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the two phases, 15 cc. of the lower aqueous phage are transferred to a 60 ee. 
glass-stoppered Pyrex bottle and cooled in a water bath maintained at 
about 18°. 

Oxidation of Citric Acid to Pentabromoacetone—\| cc. of manganese 
sulfate solution, 1 ec. of the bromide-bromate mixture, and 2 cc. of the 
potassium permanganate solution are now added, and the mixture is 
well shaken and allowed to stand in the water bath at about 18° for about 
30 minutes. Excess bromine and manganese dioxide are then reduced 
by the dropwise addition of hydrazine until the brown color has com- 
pletely disappeared. 

Extraction of Pentabromoacetone—\1 ec. of heptane are added and the 
mixture is shaken, with the bottle well stoppered, in the Schaerr shaker 
for 6 minutes. The contents are next poured into a 60 cc. separatory 
funnel. A strictly quantitative transfer to the separatory funnel is not 
necessary, since an aliquot is subsequently used. After complete separa- 
tion of the two phases, the aqueous phase is discarded and the heptane 
extract washed twice with a jet of water from a wash bottle, to which a 
few drops of bromocresol green solution have been added. The washing 
must include the neck and the stopper. About 10 cc. of the distilled water 
are then added, the funnel is stoppered and shaken for about 20 seconds, 
and the wash water discarded. This is repeated until the color of the 
wash water is identical with that of distilled water containing the indi- 
cator. Two repetitions usually suffice. The mixture is then allowed to 
stand for about 30 minutes to insure complete drainage of the wash water 
to the bottom of the funnel; the aqueous phase is then removed quanti- 
tatively. The procedure may also be interrupted at this stage, if desired, 
since the heptane extract remains stable in the ice box for at least 2 weeks. 

Color Development and Estimation—10 cc. of the heptane extract are 
then pipetted into a small amber-colored glass-stoppered volumetric flask 
or bottle. To this are added 3 ce. of the alcoholic sodium iodide solution; 
the mixture is shaken and kept stoppered in the dark for about 70 minutes. 
The heptane, together with the alcoholic phase, is transferred to a colori- 
meter tube and the intensity of the color read in the Klett-Summerson 
photoelectric colorimeter with Filter 42. The volume of the alcoholic 
phase in which the color develops is 2.8 cc.; hence, micro colorimeter tubes 
are used or a small plug is placed at the bottom of the slot to permit the 
use of macro colorimeter tubes. The upper surface of the plug should 
come just below the shelf on which the micro tube ordinarily rests in order 
to avoid errors due to the rounded bottom of the macro tube. When 
this is done, the meniscus of the alcoholic phase will be safely above the 
upper margin of the slot through which the light is transmitted. This 
convenient device permits the use of the less expensive and sturdier macro 
tubes. 
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Analysis of Standard Solutions—Standard solutions containing 100 and 
200 y of citric acid per 10 ce. are analyzed by the same procedure. These 
solutions are freshly prepared by appropriate dilutions of the stock solution 
in the following way. The stock solution is first diluted 1:4. 2 and 4 ce. 
of the resultant solution are then further diluted to 50 cc. in a volumetric 
flask with the addition of 45 ec. of 10 per cent trichloroacetic acid. 

The analytical procedure for the standard solutions is identical with 
that for the blood filtrates, except for the amount of the final heptane 
extract taken for color development. Instead of 10 cc. as with serum or 
plasma, 2 cc. of the final heptane extract are used. This is made up to 
10 ce. with heptane, and 3 cc. of the sodium iodide solution are added. 
The final concentrations of citric acid thus represent 20 and 40 y. The 
remainder of the final heptane extract may be used for subsequent analyses 
since it is stable for at least 2 weeks. 


Calculation of Results 
(Reading of unknown) — (blank (calculated)) 100 
- Reading with10y 1.2 (ce. aliquot of plasma) 
= mg. % citrie acid 
The blank is calculated as follows: 


(Reading with 20 y) — ((reading with 40 y) — (reading with 20 y)) = blank (calculated) 


(Reading with 20 y) — (blank (calculated)) ; 
— a = reading with 1.0 y 


Procedure for Determination of Citric Acid in Urine 

Since the amount of citric acid in urine varies over a wide range, pro- 
visions have been made in the procedure to use smaller or larger volumes of 
urine for analysis. 

Normal Urine—The usual range of urinary citric acid values is dealt 
with by adding 9.5 ec. of 9.3 per cent trichloroacetic acid to 0.5 ce. of urine 
in a 30 ce. glass-stoppered Pyrex bottle and carrying out the analytical 
procedure as described for serum or plasma. 

Should the urinary citric acid eoncentration fall below the range of 
accuracy of the method, then 1 ce. of urine can be used and diluted with 
9 ec. of 10 per cent trichloroacetic acid, or 2 ce. of urine + 8 ce. of tri- 
chloroacetic acid, 11.2 per cent, etc. In each case, 10 ec. of diluted urine 
will contain the same amount of trichloroacetic acid. 

The procedure for urine involves one further difference from that for 
blood; namely, the use of 2 cc. instead of 10 cc. of the final heptane extract 
for color development. Of the final heptane extract, 2 cc. are taken and 
diluted to 10 ee. with heptane in a small amber-colored glass-stoppered 
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volumetric flask or bottle prior to the addition of 3 ec. of alcoholic sodium 
iodide. 

The presence in urine of glucose, albumin, or acetone bodies interferes 
with the accuracy of citric acid determinations. This interference is 
eliminated in the following manner. 

Urine Containing Glucose—1 cc. of urine is diluted to 100 ce. with the 
addition of 90 ec. of 10 per cent trichloroacetic acid. 10 ec. are then 
carried through the analytical procedure in the manner described for 
serum or plasma, with 10 ec. of the final heptane extract for color develop- 
ment. 

Urine Containing Albumin—1 ce. of urine is diluted to 20 ce. with 10 per 
cent trichloroacetic acid, filtered, and 10 ce. of the filtrate used for analysis 
as in normal urine. 

Urine Containing Acetone Bodies—1 ce. of 27 N sulfuric acid is added 
to 25 ce. of urine, which is then reduced by boiling to about 10 cc., cooled, 
and made up to 25 cc. in a volumetric flask. 0.5 cc. is then diluted with 
9.5 ec. of 9.3 per cent trichloroacetic acid. The analysis is carried out as 
for normal urine. 

Calculation of Results——-The formula is given for calculating the result of 
the analysis when either 0.5 or 1.0 ce. of urine is diluted to a final volume 
of 10ce., and 2 ec. of the final heptane extract are used forthe color reaction, 


(Reading of unknown) — (blank (calculated)) — 
Reading with 1.0 y ‘ 
volume (in ec.) per 24 hrs 


100 (for 0.5 ce. urine) or 200 (for 1.0 ce. urine) 


= mg. citric acid per 24 hrs 
The blank and reading with 1.0 y are calculated as for blood. 


DISCUSSION 


Stability of Citric Acid in Urine and Blood—Citrie acid in urine was 
found to be stable for a period of at least a week, when 24 hour specimens 
were preserved with 25 cc. of 18 N sulfuric acid and kept under refrigeration. 
Citric acid in blood remained constant when whole blood was left in the ice 
box for 2, 6, and 12 hours; there was a slight increase after 24 hours. 

Influence of Acidity—Goldberg and Bernheim, in describing their 
method for determining 1 to 40 mg. of citric acid, have pointed out the 
necessity for the preliminary bromination and have elucidated the mechan- 
ism of the oxidation-bromination procedure. They likewise observed that, 
up to a certain maximum, increasing the acidity during oxidation yielded 
higher recoveries of citrie acid. Maximal recoveries occurred in approxi- 
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mately 8 N sulfuric acid; thereafter, there was a sharp falling off of the 
values obtained. We have been able to confirm the influence of acidity on 
the recovery of the smaller amounts of citric acid measured by our method, 
except for the slope of the curve which fell less abruptly with acidities 
greater than 8 N. In Fig. 1 are plotted the colorimeter readings for 20 
of citric acid when varying normalities of acid were used during oxidation. 
We have accordingly chosen an approximately 8 N solution for the deter- 
mination of 10 to 60 y of citric acid. 

Oxidation of Citric Acid to Pentabromoacetone—Goldberg and Bernheim 
have emphasized the importance of the very slow addition of permanganate 
in the oxidation of citric acid to acetonedicarboxylic acid. In their pro- 
cedure manganese sulfate was added to hasten the formation of manganese 
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Fie. 1. Color developed with 20 y of citric acid as a function of the normality of 
sulfuric acid used before oxidation. 


dioxide, which can be present in excess without decomposing acetone- 
dicarboxylic acid. For the determination of citric acid in the presence of 
glucose, they suggested the substitution of a manganese dioxide suspension 
for permanganate and described the preparation of such a suspension. 
We have investigated the relative merits of both the suspension and the 
permanganate solution for the determination of the smaller amounts of 
citrie acid for which our method was designed, adding both at once, and 
found negligible differences. The potassium permanganate solution was 
therefore selected because of its convenience. 

Extraction of Pentabromoacetone—These same investigators used petro- 
leum ether with a boiling point between 35-50° for the extraction of 
pentabromoacetone from the aqueous phase. This solvent has a number of 
disadvantages. It must be purified with sulfuric acid and redistilled 
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before use. In warm weather, its vapor pressure is such that the stoppers 
are frequently blown out during the shaking, with the loss of some of the 
reaction mixture. We have, in its stead, employed n-heptane (99 mole 
per cent pure) with a boiling point of 98°, which was obtained from the 
Phillips Petroleum Company. This solvent has a much lower vapor 
pressure than the petroleum ether with the lower boiling point, and hence 
presents no difficulties as regards evaporation or blowing out of the stoppers 
during warm weather. Its solubility in water is one-fourth of that of the 
lower boiling petroleum ether. It can be used without further purification. 
Finally, the heptane extracts have been found stable for at least a week 
when refrigerated. 

Quantitative separation of the heptane extract from the aqueous phase 
is difficult. This difficulty is avoided by extracting with 11 cc. of heptane 
and taking a 10 ec. aliquot for the color reaction in the procedure for blood 
plasma. In the procedure for urine, the extraction is carried out with 
11 ee. of heptane and an aliquot of 2 ce. is used for the color reaction. 
The use of this small aliquot in the urine method has a number of advan- 
tages. It permits a repetition of the colorimetric determination on the 
same extract. With the standard solutions, the remainder of the final 
heptane extract, because of its stability under refrigeration, may be used 
for the color reaction for a period of at least a week, thus avoiding the 
necessity of preparing and analyzing fresh standards with each set of 
determinations. 

We wish to emphasize the necessity for washing the heptane extract 
completely free of acid. While five washings, including two with shaking 
of the separatory funnel for 20 seconds, usually sufficed to accomplish this, 
it was found desirable to provide an additional safeguard in the form of 
an indicator, which is added to the wash water in the separatory funnel. 
It was necessary to use an indicator which was soluble in water and in- 
soluble in heptane, with a narrow pH range and a sharp change in color 
at the pH of distilled water. Bromocresol green, with a pH range of 
1.2 to 5.4 and a sharp change in color from yellow through green to blue, 
fulfilled these requirements. 

Finally, about 4 hour of standing is usually required for the quantitative 
separation of the aqueous phase. 

Color Development from Pentabromoacetone in Heptane and Alcoholic 
Sodium Todide—We have further investigated the reaction between 
pentabromoacetone and alcoholic Nal as described by Kometiani. This 
investigator carried Out the reaction in a strongly acid solution at just 
below boiling. We have found that, under our conditions, the reaction 
proceeds smoothly and rapidly at room temperature and without acidifica- 
tion. About 90 per cent of the color is developed immediately on mixing 
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the heptane extract with the alcoholic sodium iodide; however, the reaction 
is complete on standing for about | hour. Thereafter there is very slow 
uniform increase throughout a set of determinations, due to a slow oxidation 
of sodium iodide to free iodine. i 

For the determination of the optimal conditions for the development 
of the color reaction, a stock solution of pentabromoacetone in heptane 
was prepared by the oxidation and bromination of citric acid. The heptane 


TABLE | 
Effect of Different Concentrations of Ethyl Alcohol on Color Development 


wees . Ethy! alcohol 100 cc. Nal per 100 cc. Colorimeter readings 
Citric acid - pos ery ong ‘ slivtion (kets Semansesian 
: / ce. gm. 
10 100 10 174 
40 95 10 224 
10 ' 90 10 212 
0 SO } 10 166 
40 70 10 126 
Taste II 


Effect of Different Concentrations of Sodium Iodide in 95 Per Cent Ethyl Alcohol on 
Color Development 


Citric acid Sodium iodide in 95 per cent Colorimeter readings 
ethyl alcohol (Klett-Summerson) 
Y gm. per 100 cc. 
10) 5 Is] 
10 10 220 
10) 15 238 
10 20 262 


extract was diluted with heptane to give the concentration of pentabromo- 
acetone equivalent to the desired concentration of citric acid per 10 cc. of 
solvent. 5c. of alcoholic Nal were used throughout. 

The total color developed with a definite concentration of citric acid was 
found to depend on (1) the concentration of ethyl alcohol, and (2) the 
concentration of sodium iodide, as shown in Tables I and IT. 

A 10 per cent solution of sodium iodide in 95 per cent alcohol was selected 
as the most convenient concentration of both elements. The advantage of 
the higher readings obtained with the higher concentrations of sodium 
iodide was balanced by the difficulty of getting the larger amounts of 
sodium iodide into solution. In addition the higher concentrations were 
so near saturation that crystallization in the colorimeter tube could not be 
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prevented. Potassium and lithium iodide proved unsatisfactory substi- 
tutes for sodium iodide. 

The next concern was with the final volume of the color phase. When 
| volume of heptane and 3 volumes of 10 per cent sodium iodide in 95 per 
cent ethyl alcohol are shaken, complete mixing takes place. With smaller 
volumes of alcoholic sodium iodide, a definite interface is established. 
These facts are shown in Table III. 

The influence of varying the amounts of alcoholic sodium iodide on the 
colorimetric reading is shown in Fig. 2. 

The selection of the exact amount of alcoholic sodium iodide for use in 
the procedure was further influenced by practical considerations. The 


TaBLe III 


Miscibility Characteristics of Heptane and 10 Per Cent Sodium Iodide in 
95 Per Cent Ethyl Alcohol 


10 ce. of heptane were used throughout the series. 





10 per cent sodium iodide 10 per cent sodium iodide | 


in 95 pes eon ethyl Lower phase in 95 pes cont ethyl | Lower phase 

cc ce. ce. ce. 

l 0.6 9 10.8 
2 1.6 10 12.2 
3 2.8 15 19.0 
4 4.0 20 26.0 
5 5.4 25 33.0 
6 6.8 30 40.0 
7 8.1 35 45.0 
8 9.5 40 50.0 


The bold-faced figures indicate the ratio at which complete mixing first takes 


place. 


higher reading obtained with a lower phase of 1.6 cc. which resulted from 
the use of 10 ec. of heptane and 2 ec. of alcoholic sodium iodide would have 
been preferable to the reading obtained with 3 cc. of alcoholic sodium 
iodide, which gave a lower phase of 2.8 cc. A lower phase of 1.6 ec. would 
have required the use of the more expensive and less sturdy micro colori- 
meter tubes. We therefore employed 3 cc. of alcoholic sodium iodide, and 
utilized the macro colorimeter tube, adapting the instrument in the manner 
previously described to the use of the macro tube and for the resultant 


volume of 2.8 ce. 

Characteristics of Brown Color Developed—Absorption spectra were made 
with a Beckman quartz spectrophotometer to obtain more information 
about the nature of the color which develops when heptane containing 
pentabromoacetone is allowed to react with aleoholic NaI. The absorption 
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characteristics were found to be identical with those of free iodine in an 
alcoholic solution of Nal, as is evident from Table IV. 

In accordance with the absorption spectra, both Klett-Summerson 
Filters 40 and 42 were investigated. Contrary to expectations, higher 
colorimetric readings and better proportionality were obtained over the 
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Fic. 2. Total color developed with different concentrations of citric acid and differ- 
ent amounts of 10 per cent sodium iodide in 95 per cent ethyl alcohol. 


range of 10 to 60 y with the latter. This is most likely due to a decreased 
sensitivity of the instrument at the lower wave-lengths of the visible 
spectrum. For these reasons Filter 42 was selected. It should be pointed 
out, in this connection, that not all Filters 42 supplied for this instrument 
give a uniform performance. Of two such filters on hand, one gave linear 
proportionality up to a reading of about 400 on the colorimeter, while the 
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other fell off at about 250, and hence could not be used for the citrie acid 
method. 

In the range between 10 and 60 y of citric acid as determined by this 
method there is a straight line relationship between the colorimetric 
reading and the concentration of citric acid. 

In Fig. 3 are presented the results obtained over this range of concentra- 
tions. Each point represents an arithmetic mean of five determinations 
at each concentration, the blank value for the reagents having been de- 
ducted. These blank values were found to differ with each set of deter- 
minations, making it impossible to use a standard calibration curve. 
Hence, it has been found necessary to run standard solutions for each 
series of determinations. These fluctuations in the blank values were 


TABLE IV 


Absorption Characteristics of Reaction Color Complex As Compared with Free Iodine 
in Alcoholic Solution of Sodium Iodide 


The results are expressed in per cent transmission. 


Free iodine + Free iodine + 


Wave-length —— sodium iodide Wave-length ~~ sodium iodide 
in ethyl alcohol ' in ethyl alcohol 
my mu } 
320 10 10 410 38 38 
330 1] 1} 420 51 5] 
340 4 } 430 60 60 
350 2 2 450 74 74 
360 ] l 480 90 90 
370 2 2 520 96 96 
380 4 i 540 97 97 
390 ll 1} 600 9S 9S 
400 23 23 650 1m 100 


apparently not related to small variations in the concentration of the 
sodium iodide solution, since the use of sodium iodide solutions of definite 
normality failed to eliminate them. We have rot investigated other 
possible sources of this variation. 

The need for the actual determination of the relatively small reagent 
blank was avoided by running two standards at different concentrations for 
each series of determinations, as suggested by Barker and Summerson (4). 
The difference in readings between the two standards provides the basis for 
the calculation of both the “apparent blank” and the actual concentrations 


of citric acid. 

When readings fall outside the range of accuracy of the urine procedure, 
it is still possible to salvage the determination. Since there is an excess 
available of the final heptane extract, the final step, that of color develop- 
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ment, can be repeated by taking smaller or larger aliquots of the heptane 
extract, depending on whether the readings are too high or too low, and 
diluting them to 10 ce. with heptane. “ With the plasma procedure, if 
readings are too high, they may be brought within the range of accuracy of 
the method by diluting the final lower colored phase in both standards and 
unknown with a definite amount of alcoholic sodium iodide, If readings 
are too low, the determination must be repeated with larger amounts of 
plasma. 





520; 
480 7 x 
440 7 x 


Colorimeter reading 











10 20 30 40 50 60 70 80 
Micrograms citric acid 


Fic. 3. Color developed as a function of the citric acid concentrations over a range 
of 10 to 60 y. 


Comparison of Colorimetric and Titrimetric Methods; Recovery Experi- 
ments—In addition to conventional recovery experiments with urine and 
blood, a comparison was made of the values for citric acid obtained with 
this colorimetric method and with the macrotitrimetric method of Goldberg 
and Bernheim. The values obtained by the microcolorimetric method 
with a 1.5 ee. aliquot of plasma, and by the macrotitrimetric method with a 
40 ce. aliquot are given in Table V. 

Similar comparisons were made between the colorimetric method as 
applied to urine, and the titrimetrie method of Goldberg and Bernheim 
(Table VI). 

Recovery experiments were carried out with plasma and urine. With 
plasma, the desired amount of citric acid was contained in the trichloro- 
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acetic acid used for the preparation of the protein-free filtrate; with urine, 
the desired amount of citric acid was added to make the dilution. The 
results are summarized in Tables VII and VIII. 

Determination of Citric Acid in Urine Containing Glucose—The presence 
of significant amounts of glucose in urine interferes appreciably with the 


TABLE V 
Comparison of Citric Acid Determinations in Plasma by Microcolorimetric and 
Macrotitrimetric Methods 


| Citric acid 











Plasma No. as ee Difference 
Microcolorimetric Macrotitrimetric 
mg. per cent | me. per cent per cent 
l 2.29 2.24 +2 
2 2.35 2.55 -—-§ 
3 2.13 2.19 —3 
TaBLe VI 


Determination of Citric Acid in Urine by Colorimetric and Titrimetric Procedures 


Citric acid per 24 hrs. 


Urine No Urine ae) Se ee Difference 
Colorimetric method | Titrimetric method 

ce. még. me. ber cent 
1 0.1 293 310 +5 
2 0.1 436 438 0 
3 0.1 435 443 +2 
4 0.1 826 840 +2 
5 0.1 465 430 —7 
6 0.1 553 560 +1 
7 0.5 680 688 +1 
S 0.5 908 872 —4 
9 0.5 705 720 +2 
10 0.5 675 655 - 
11 0.5 215 230 +7 
12 0.5 530 505 —§ 
13 0.5 560 575 +3 
14 0.5 | 848 | 850 0 


accuracy of citric acid determinations. As little as 15 gm. per liter reduces the 
recovery of citric acid by as much as 30 per cent when it is measured by 
the titrimetric method of Goldberg and Bernheim. However, when 
such urines are analyzed, after appropriate dilution, by our colorimetric 
method, excellent recoveries are obtained in the presence of as much as 
100 gm. of glucose per liter. The extent to which glucose may be present 
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in urine without interference with the recovery of citric acid is shown in 


























Table IX. 
TasBLe VII 
Recovery of Citric Acid Added to Blood Plasma 
% Plasma No. | Citric acid added Citric acid found Citric acid recovered 
—s. a 7 Y per cent 
1 } 0 35.4 
| 20 56.2 as 
2 0 27.7 
| og 
| 20 46.9 ” 
3 0 27.3 
20 47.6 - 
4 0 21.2 
| 15 36.5 — 
TaBLe VIII 
Recovery of Citric Acid Added to Urine 
Urine No. | Citric acid added Citric acid found Citric acid recovered 
—" oere1 o Pay Y per cent 
1 0 48.6 
20 68.2 98 
2 0 35.6 
20 54.0 92 
3 0 17.8 
10 27.8 100 
4 0 15.4 
10 25.8 106 














TaBiLe IX 
Determination of Citric Acid in Urine in Presence of Glucose 





Urine No. | 
(0.1 cc. samples) 


Glucose added to urine 


Citric acid found in urine 








te to te 





gm. perl. 

0 

20 

iO 
100 

0 

50 
100 





me. perl. 
293 
293 
298 
293 
680 
680 
685 





Other Possible Interfering Substances—-A large number of substances 
have been investigated by other workers (5, 6) for their possible inter- 
ference with the determination of citric acid by its conversion to penta- 
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bromoacetone. A number were reinvestigated by our procedure and were 
found not to increase the colorimeter reading when added to 20 ¥ of citric 
acid in amounts of 1 mg.; these were pyruvic, succinic, lactic, hippuric, 
fumaric, malonic, glutaric, a-ketoglutaric, malic, uric, tartaric, oxalic, 
and ascorbic acids, urea, glucose, thymol, toluene, creatine, and creatinine. 

Interference by Acetone Bodies—Acetone and acetoacetic acids are 
eliminated, when present in greater than normal amounts, by the pro- 
cedures described above. The amounts present in normal blood do not 
interfere. §-Hydroxybutyric acid is, however, not destroyed by boiling 
in acid solution, but is slowly though not completely eliminated bv the 
preliminary bromination. 


SUMMARY 


|. A microcolorimetric method has been described for the determination 
of citric acid in small samples of blood and urine. 

2. The method is based on the conversion of citric acid to pentabromo- 
acetone and on the subsequent reaction between pentabromoacetone and 
sodium iodide. 

3. This reaction results in the development of a yellow color complex. 

t. The range of sensitivity of the method is from 10 to 60 y. 


BIBLIOGRAPHY 


. Kometiani, P. A., Z. anal. Chem., 86, 359 (1931). 

. Finkelstein, H., Ber. chem. Ges., 43, 1528 (1910). 

. Goldberg, A. 8., and Bernheim, A. R., J. Biol. Chem., 166, 33 (1944). 

. Barker, 8. B., and Summerson, W. H., J. Biol. Chem., 138, 535 (1941). 

Pucher, G. W., Sherman, C. C., and Vickery, H. B., /. Biol. Chem., 113, 235 (1936). 
6. Krebs, H. A., and Eggleston, L. V., Biochem. J., 38, 426 (1944). 


o- Wis = 











~~ 


i 
( 
t 
I 
i 
t 





Xx. 


6). 











PEPTIDE BOND SYNTHESIS 


II. THE FORMATION OF p-AMINOHIPPURIC ACID BY LIVER 
HOMOGENATES* 


By PHILIP P. COHEN anp R. W. McGILVERY 
(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison) 


(Received for publication, March 17, 1947) 


The demonstration of the enzymatic formation of p-aminohippuric acid 
(PAH) from p-aminobenzoic acid (PAB) and glycine (1) has made avail- 
able a convenient model system for the study of peptide bond synthesis. 
Because of the complex metabolic relationships existent in surviving tissue 
and such considerations as diffusion and permeability, the tissue slice 
technique employed in the preliminary study is of limited value in studying 
the mechanism and kinetics of the reaction. For this reason, we have 
turned to the homogenate technique, since it provides a relatively uniform 
tissue material dispersed to the point where many endogenous reactions are 
suppressed. 

The present study is concerned with the conditions that must be main- 
tained for support of the synthesis by homogenates and provides insight 
into the requisite source of energy. 


Procedures and Methods 


Analytical—PAH and PAB were determined by the method described 
previously (1), in which the proteins are precipitated with trichloroacetic 
acid, the acid neutralized with sodium hydroxide, the neutral filtrate 
brought to pH 3.95 with a citrate-phosphate buffer, and the PAB ex- 
tracted with ether and benzene. Since the medium used for homogenate 
studies was more highly buffered and the amount of protein in the reaction 
mixture was high and variable, it was not possible to adjust the alkali. 
concentration so that all samples could be neutralized with a fixed volume. 
The resultant variation was reflected somewhat in the pH of the buffered 
extraction mixture, causing differences in the PAH values determined. To 
avoid the individual titration of each sample, the concentration of the 
citrate-phosphate buffer was increased 5-fold. The buffer was made by 
the addition of 0.5 m citric acid to 1.0 m disodium phosphate until the 
pH upon 3-fold dilution was 3.85. At this new concentration and pH, 1.0 
per cent of the PAB and 88 per cent of the PAH remained after extrac- 
tion, so that 

(Total after extraction) — 0.01 (total before extraction) 
PAH = - —_—__—— ee ——~ 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation, 
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Tissue—-Rat liver homogenates were used throughout this study. After 
the animal was stunned and exsanguinated, the liver was removed and 
placed on ice. llomogenization was carried out in the cold room, with q 
glass pestle and with cold isotonic KCl as the suspending medium. The 
pestle was driven at 3000 to 4000 R.p.M., and the homogenization was con: 
tinued at least | minute after the tissue had been broken up, with rapid 
movement of the tube up and down the pestle. The homogenate was 
filtered through glass wool before use. 

These conditions insured practically complete disruption of cells. The 
necessity of an intracellular type of medium and a pronounced dilution 
effect provide additional evidence for the essentially cell-free nature of the 
homogenate. 

Substrates Coenzyme I (DPN) was prepared from bakers’ yeast by the 
method of Williamson and Green (2) and purified by a new method of 
LePage (3). The preparation contained 52 per cent of DPN, as deter- 
mined by the spectrophotometric method. We are indebted to Dr. V. R. 
Potter for performing the analysis. Material prepared by the method of 
Williamson and Green was contaminated with heavy metals together with 
a substance that reduced cytochrome ¢ (probably glutathione), and as- 
saved only 20 to 30 per cent of DPN. According to LePage,’ the chief 
contaminant of the purified material was adenylic acid. The product did 
not reduce cytochrome c. 

\denosine triphosphate (ATP) was made from rabbit muscle and puri- 
fied by reprecipitation as the barium salt (4). For use, the salt was dis- 
solved in 0.1 m phosphoric acid, the barium precipitated as the sulfate, and 
the solution neutralized with KOH. 

Cytochrome ¢ was prepared from beef hearts by the method of Keilin and 
Hartree (5) and stored in solution. 

PAB was purified as before (1). Fumaric acid was a commercial product 
recrystallized from boiling HCl to remove traces of maleic acid or anhy- 
dride. Clyeine, malic acid, t-glutamie acid, citric acid, oxalic acid, ace- 
turic acid, and thiamine pyrophosphate were commercial products. —Py- 
ruvic acid was a redistilled commercial preparation. a-Ketoglutaric acid 
and oxalacetic acid were synthetic products (4). Succinic acid was pre- 
pared from the anhydride. Commercial caleium hexose diphosphate’ 
was treated with excess oxalic acid to precipitate calcium, and the calcium- 
free solution used. The inorganic salts were commercial products selected 
for low calcium content. 


t We wish to express our appreciation to Dr. G. A. LePage for his many helpful 
suggestions concerning the preparation of DPN. 
2 We are indebted to the Endo Products, Inc., for a generous supply of this 
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All substrates and media were made up with twice distilled water and 
brought to the proper pH (usually 7.55) with KOH under the glass elee- 
trode. The media were made isotonic with KCI in a final volume of 4.0 
ml. per flask ; details of the composition are reported with each experiment. 

Procedure— The homogenate was immediately added to the cold media in 
Warburg flasks, and the flasks were kept on ice until placed on the ma- 
nometers. Alkali was placed in the center welis of the flasks and the gas 
phase was 100 per cent oxygen, unless otherwise noted. The incubations 
were carried out with shaking at 38°. Warburg flasks were used for con- 
venience only, since gas exchange was not measured. 

The incubations were terminated by placing the flasks in ice water, and an 
aliquot for analysis was quickly removed and added to previously measured 
trichloroacetic acid solution. 

Our results are reported on the basis of the weight of PAB converted to 
PAH per mg. of homogenate nitrogen, which was determined on an aliquot 
of the homogenate by the micro-Kjeldahl method. This method of ex- 
pressing the results reflects the activity of the homogenate more accurately 
than does one based on the total weight of the liver used, since this quantity 
depends on the variable factors of fat, water, and glycogen content which 
have no relation to the enzymatic activity. 


Results 


Inorganic lons—In the initial experiments, adenosine triphosphate 
(ATP), coenzyme I (DPN), and cytochrome c were added, although no 
requirement for them had yet been shown. Replacement of sodium ion 
with potassium ion markedly stimulated the reaction (Fig. 1). The shape 
of the curve indicates that the reaction involves a stimulation by the 
potassium ion rather than an inhibition by sodium ion. Since the two ions 
are ordinarily equivalent in reactivity, the effect may be due to an influence 
on the state of aggregation of the liberated intracellular proteins. In 
subsequent experiments, potassium salts were employed exclusively. 

Calcium ions inhibited the reaction (Fig. 2). This was expected, since 
the synthesis requires the support of an oxidative metabolism, and calcium 
ion lowers the respiration of homogenates in general and is an activator for 
the breakdown of the pyridine nucleotides and adenyl phosphates (6, 7). 

Magnesium ion in low concentration slightly stimulated the formation 
of PAH (Fig. 3). The maximum stimulation varied with the composition 
of the experimental medium. Fig. 3 illustrates the effect for low potassium 
concentrations. At higher potassium concentrations, the amount of stimu- 
lation is less, and the optimum concentration range broader. In later 
experiments when fumarate was added, the stimulation was a maximum 
of 8 per cent at 0.00038 M magnesium. Although the magnitude of stimu- 
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lation was slight, magnesium ion was always added in order to maintain 
maximum activity. It probably exerts its effect secondarily through the 
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Fig. 1. p-Aminobenzoie acid (PAB) converted to p-aminohippuric acid per mg. of 
homogenate nitrogen in two experiments with increasing potassium ion concentra- 
tion. 0.5 ml., containing 7.5 to 9.5 mg. of nitrogen, of a rat liver homogenate was 
added to each flask. Final concentrations, 0.001 m PAB, 0.01 m glycine, 0.01 m phos- 
phate at pH 7.40, 0.00096 m magnesium sulfate, 0.0000085 m cytochrome c, 0.00038 
coenzyme I, 0.0015 m adenosine triphosphate. Total volume of 4.0 ml. made isotonic 
with NaCl; potassium added as KCI; incubated 60 minutes at 38° under 100 per cent 
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Fig. 2. Inhibitory action of calcium ions on the conversion of p-aminobenzoic 
acid (PAB) to p-aminohippuric acid. 1.0 ml., containing 9.9 mg. of nitrogen, of a 
rat liver homogenate was added to each flask. Final concentrations, 0.001 m PAB, 
0.01 m glycine, 0.01 « phosphate at pH 7.40, 0.0000085 m cytochrome c, 0.00038 
coenzyme I, 0.0015 m adenosine triphosphate, 0.00154 mM magnesium sulfate, 0.0062 m 
potassium chloride. Total volume of 4.0 ml. made isotonic with NaCl; incubated 69 
minutes at 38° under 100 per cent oxygen. 


maintenance of a reaction contributing to the energy required for the 
synthesis of the peptide bond. 
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Fluoride (Fig. 4) slightly stimulated the reaction at a low concentration, 
and inhibited at higher concentrations in the presence of ATP. However, 
the inhibitory concentrations are low enough to suggest that a trans- 
phosphorylation mechanism may be involved in the synthesis. 

Phosphate ion was without significant effect on the reaction over the 
range from 0.01 to 0.06 m (Table I). The slight stimulation observed at 
higher phosphate concentrations can be accounted for by better buffering 
action. 
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Fig. 3. p-Aminobenzoic acid (PAB) converted to p-aminohippuric acid per mg. 
of homogenate nitrogen with increasing magnesium concentrations. 1.0 ml., con- 
taining 9.9 mg. of nitrogen, of a rat liver homogenate added to each flask. Final 
concentrations, 0.001 m PAB, 0.01 m glycine, 0.01 m phosphate at pH 7.40, 0.0000085 
u cytochrome c, 0.00038 mM coenzyme I, 0.0015 mM adenosine triphosphate, 0.0062 m 
potassium chloride. Magnesium added as the sulfate. Total volume of 4.0 ml. 
made isotonic with NaCl; incubated 60 minutes at 38° under 100 per cent oxygen. 

Fig. 4. The action of fluoride on the aerobie conversion of p-aminobenzoic acid 
PAB) to p-aminohippuriec acid. 1.0 ml., containing 6.0 mg. of nitrogen, of a rat 
liver homogenate was added to each flask. Final concentrations, 0.001 m PAB, 
0.01 m glycine, 0.00078 m magnesium sulfate, 0.037 m potassium phosphate at pH 
7.55, 0.000012 m cytochrome c. Fluoride added as sodium salt; total volume of 4.0 
ml. made isotonie with KCI]; incubated 45 minutes at 38° under 100 per cent oxygen. 


Effect of pH—The synthetic activity of the homogenates was critically 
dependent on the pH (Fig. 5). We had observed that 0.01 m phosphate 
buffer, the concentration commonly employed in homogenate studies, was 
not adequate to maintain the pH at a constant level, particularly in higher 
tissue concentrations. Consequently, we raised the phosphate concentra- 
tion 6-fold in order to study the effect of pH, since changes in phosphate 
concentration had a negligible effect on the rate of the reaction over this 
range. Even at this higher concentration, the pH dropped from 0.05 
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TABLE | 
Effect of Phosphate on p-Aminohippuric Acid Formation 
1.0 ml., containing 7.1 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 Mm p-aminobenzoie acid (PAB), 0.01 m glycine, 
0.00078 M magnesium sulfate. Phosphate was added as potassium salt at pH 7.40, 
Total volume of 4.0 ml. made isotonie with KCl. Incubated 45 minutes at 38 
under 100 per cent oxygen 


Phosphate concentration PAB converted 
u xX lo? > perme. VN 
1.03 lS 
1.54 26.6 
2.06 25.9 
2.58 26.6 
3.09 27.2 
3.60 27.6 
4.12 28.4 
4.64 29.3 
5.15 29.8 
5.66 29.8 
6.18 30.8 
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pH 
Fic. 5. The effect of varying hydrogen ion concentrations on the production ol 
p-aminohippurie acid. Final concentrations, 0.001 M p-aminobenzoic acid (PAB), 
0.01 w glycine, 0.00078 M magnesium sulfate, 0.062 M potassium phosphate. Total 
medium adjusted to various pH values before the addition of the homogenate. pH 
values shown are those of the media at the end of the incubation. Two experi 
ments 2re shown: the homogenate nitrogen value of the first experiment (OQ) not 
known, and the value assumed, so that pH 7.40 values in both experiments coincide; 
nitrogen value of the second experiment (@) 5.4 mg. per flask. Total volume of 4.0 
ml. made isotonic with KCl; incubated 45 minutes under 100 per cent oxygen 


to 0.15 unit in the range of pH 7.2 to 7.6 during the course of the incuba- 
tion. ‘The results in Fig. 5 are based on the pH (at 25°) of the medium 
at the end of the incubation time, showing a maximum at pH 7.55. The 
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initial pH of the buffer for this final value was 7.60 to 7.65. Since the pH 
eurve is steep on the alkaline side of the optimum, we subsequently em- 
ployed pH 7.55 as the initial value for our media in order to provide a 
slight margin of safety in the event of small errors in adjusting the glass 
electrode. 

The problem of pH control has not been adequately dealt with in many 
studies employing the homogenate technique, particularly since the 
sensitivity of the enzyme systems to changes in the hydrogen ion concen- 
tration is usually unknown, and the homogenate, unlike intact tissue 
slices, has little inherent protection against environmental changes. 
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Fic. 6. p-Aminohippuric acid production from varying concentrations of p-amino 
benzoic acid (PAB). 1.0ml., containing 4.0 mg. of nitrogen, of a rat liver homogenate 
was added per flask. Final concentrations, 0.01 m glycine, 0.00078 mM magnesium 
sulfate, 0.058 M potassium phosphate at pH 7.55. Total volume of 4.0 ml. made 
isotonic with KCI; incubated 45 minutes at 38° under 100 per cent oxygen. 


0.01 mM phosphate buffer is inadequate to protect a pH-sensitive homogenate 
system, since an addition of 0.0007 N acid or base will shift the pH 0.2 
unit in the region of pI1 7.5. Even with higher phosphate concentrations, 
it is necessary to employ the glass electrode in making up the media, 
because the substrates are often buffers in their own right, and the practice 
of adjusting the pH of their solutions with a spot plate is subject to gross 
error. 

Substrale Concentrations—0.001L Mm PAB was adequate to saturate the 
system in the presence of 0.01 m glycine (Fig. 6). Variation in the PAB 
concentration necessitated the use of different dilutions in performing 
the analysis, thus introducing variable errors which are reflected in the 
spread of the experimental points in Fig. 6, particularly along the plateau. 
However, the qualitative effect of increasing the PAB concentration is 
apparent. 

Glycine was required in 15 times the concentration of PAB in order to 
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achieve maximum synthesis of PAH (Fig. 7). The presence of two linear 
slopes in the glycine concentration curve cannot be explained at this time. 
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Fig. 7. Effect of varying glycine concentrations on the production of p-amino 
hippuric acid from p-aminobenzoic acid (PAB). 1.0 ml., containing 4.9 mg. of nitro- 
gen, of a rat liver homogenate was added per flask. Final concentrations, 0.001 
PAB, 0.00078 m magnesium sulfate, 0.04 mM potassium phosphate at pH 7.55. Total 
volume of 4.0 ml. made isotonic with KCI; incubated 45 minutes at 38° under 100 per 


cent oxygen. 


TABLE II 
Replacement of Glycine by Aceturic or Glyorylic Acid 
1.0 ml., containing 5.1 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 Mm p-aminobenzoiec acid (PAB), 0.00078 m mag- 
nesium sulfate, 0.045 mM potassium phosphate at pH 7.55, 0.000012 m cytochrome c. 
Total volume of 4.0 ml. made isotonic with KCl. Incubated 45 minutes at 38° under 
100 per cent oxygen. Total PAB-PAH recovered was 101 per cent. 


tien Fe a. ce ian PAB converted 
u X 10-3 u X 10 wv X 10° uw X10 y per me. N 
5.0 27.7 
5.0 3.8 
5.0 5.0 30.3 
10.0 37.2 
5.0 5.0 3.3 
5.0 3.8 3.8 12.5 


Replacement of Glycine —lf glycine is replaced by 0.005 Mm aceturate 
(Table II), the synthesis of PAH drops to a value nearly as low as that 
corresponding to the production with no added glycine (Fig. 7). This 
failure of the N-acetylated derivative to support the synthesis is not due 
to any inhibitory effects, since, with added glycine in the presence of 
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aceturate, the level of production of PAH is even higher than with glycine 
alone, but it does not approach the value obtained with additional glycine. 

Glyoxylate and ammonia likewise cannot be substituted for glycine in 
0.005 mM concentrations. However, in even lower concentrations, these 
compounds inhibit the formation from added glycine. 

The magnitude of the total recoveries of the added PAB in this and 
other experiments precludes acetylation of the p-amino group in significant 
amounts in our studies, as was found in experiments with tissue slices (1). 
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Fic. 8. The stimulation of the conversion of p-aminobenzoic acid (PAB) to p- 
aminohippuric acid by cytochrome c. 1.0 ml., containing 4.8 mg. of nitrogen, of a 
rat liver homogenate was added per flask. Final concentrations, 0.001 m PAB, 0.01 m 
glycine, 0.00078 Mm magnesium sulfate, 0.047 mM potassium phosphate brought to pH 
7.55. Total volume of 4.0 ml. made isotonic with KCI; incubated 45 minutes at 38° 
under 100 per cent oxygen. 

Fic. 9. The support of anaerobic synthesis of p-aminohippuric acid from p-amino- 
benzoic acid (PAB) by adenosine triphosphate (ATP). 1.0 ml., containing 4.5 mg. 
of nitrogen, of a rat liver homogenate was added per flask. Final concentrations, 
0.001 m PAB, 0.01 m glycine, 0.00078 mM magnesium sulfate, 0.051 mM potassium phos- 
phate brought to pH 7.55. Total volume of 4.0 ml. made isotonic with KCI; incu- 
bated 45 minutes at 38° under 100 per cent nitrogen; Van Slyke oxygen-absorbing 
mixture (8) was placed in the center wells. 


Cytochrome c—Cytochrome c is required to attain maximum synthesis, 
0.000009 m being sufficient to saturate the system (Fig. 8). We have 
usually added 0.000012 m cytochrome c to our media to prevent deficiency 
of this substance being the limiting factor. 

Adenosine Triphosphate—ATP in high concentrations will support the 
reaction anaerobically (Fig. 9), but the magnitude of the formation of 
PAH is low compared to that achieved aerobically. Since this low value 
might be due to the rapid hydrolysis of the ATP by adenosinetriphos- 
phatase (ATPase), an experiment was devised in which ATP was added 
at varying time intervals, so that the final amount of ATP in each flask 
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was constant (Table III). Adding 12 micromoles of ATP initially, in two 
6 micromole quantities, or in three 4 micromole quantities, achieved 
substantially the same small increase over the control level. 

Since the possibility existed that fluoride exerted its inhibitory effect 
through a secondary action dnd fluoride is known to repress the hydrolysis 
of ATP, an experiment was run in which ATP was added anaerobically 
in the presence of fluoride (Table IV). ATP was without action aerobi- 
cally, when it was added alone. Fluoride inhibits anaerobically even in 
0.001 mM concentrations, in which it was without effect aerobically (Fig. 4). 
Although ATP stimulated synthesis in the presence of fluoride, the level 
was below that attained in the absence of fluoride. 


Tasie Ill 
Effect of Successive Adenosine Triphosphate (ATP) Additions on Anaerobic 
p-Aminohippurie Acid Formation 

1.0 ml., containing 5.5 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 Mm p-aminobenzoic acid (PAB), 0.01 m glycine, 
0.037 « potassium phosphate at pl1 7.55, 0.00078 m magnesium sulfate. Total volume 
of 4.0 ml. made isotonic with KCl. Van Slyke oxygen-absorbing mixture (8) in the 
center wells. Incubated 45 minutes at 38° under 100 per cent nitrogen. Initial ATP 
ndded to the main compartment; successive portions tipped in from the side arms at 
stated times 


ATP additions 
PAB converted 


lime added Amount added 
. 

min micromole per m \ 
6.5 

0 12.0 s.0 

0 6.0 

5 6.0 S.4 

0 1.0 

5 1.0 

10 10 su 


The high ATPase activity that would be expected in the homogenate 
concentrations employed prevents an accurate assessment of the réle of 
ATP from these experiments. However, the fact that ATP will support 
the reaction anaerobically, even though the magnitude of conversion is 
low, indicates that high energy phosphates are closely, if not directly, 
concerned in the formation of the peptide bond. 

Cometabolites and Coenzymes—-Various energy-yielding substrates and 
coenzymes were tested (Table V). Neither DPN nor thiamine pyrophos- 
phate had any effect when added alone. Various components of the citric 
acid cycle, including all of the 4-carbon dicarboxylic acids, a-ketoglutarate, 
and citrate, stimulated the synthesis markedly. Glutamate and pyruvate 
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TABLE IV 
Effect of Adenosine Triphosphate (ATP) in Presence of Fluoride on p-Aminohippuric 
Acid Formation 
1.0 ml., containing 4.47 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 mM p-aminobenzoic acid (PAB), 0.01 m glycine, 
0.00078 M magnesium sulfate, 0,037 Mm potassium phosphate at pH 7.55 in all flasks. 
Fluoride added as sodium salt. Cytochrome c, 0.000012 m in flasks with oxygen. 
Total volume of 4.0 ml. made isotonic with KCl. Alkali was added to the center 
wells of aerobic flasks, and the Van Slyke oxygen-absorbing mixture (8), to the wells 
of anaerobic flasks. Incubated 45 minutes at 38°. 


Gas phase Fluoride concentration ATP concentration PAB converted 
wu X lo uw xX It y per mg. N 

Oxygen 35.8 
= 3.0 35.8 
Nitrogen 7.5 
" 3.0 9.5 
1.0 5.0 
™ 5.0 3.6 
sr 1.0 3.0 8.3 
5.0 3.0 7.8 


TaBLe V 
Effect of Metabolites and Coenzymes on p-Aminohippuric Acid Formation 
1.0 ml., containing 3.8 to 4.3 mg. of nitrogen respectively of a rat liver homogenate, 
was added to each flask of both experiments. Final concentrations, 0.001 M p-amino 
benzoic acid (PAB), 0.015 m glycine, 0.00078 Mm magnesium sulfate, 0.037 M potassium 
phosphate at pH 7.55, 0.000012 mM cytochrome c. Total volume of 4.0 ml. made 
isotonic with KCl. Incubated 45 minutes at 38° under 100 per cent oxygen. 


Experiment No Metabolite PAB converted 


uw X 10 y per mg. N per cent control 

| Glutamate 5.0 S7.8 131 
a-Wetoglutarate 5.0 77.0 115 
Citrate 5.0 91.3 136 
Succinate 5.0 SS.4 132 
Malate 5.0 93.9 140 
Oxalate 0.5 69.4 103 
Hexose diphosphate and 0.0005 5.0 66.2 99 

vw oxalate 

Coenzyme | 0.77 69.4 103 
Thiamine pyrophosphate 0.97 66.2 99 
Control 67.0 

2 Succinate 5.0 79.8 144 
Malate 5.0 87.5 160 
Oxalacetate 5.0 86.6 159 
Fumarate 5.0 80.0 162 
Pyruvate 5.0 74.2 131 
Control 54.6 
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also caused an increased production. Oxalate, in the concentration 
present in the hexose diphosphate after removal of the calcium (see “Pro- 
cedures and methods’’), was without marked effect, and the hexose diphos- 
phate was inactive. Although the absence of DPN might account for the 
failure of hexose diphosphate to show a stimulation, malate and glutamate 
were both active in the absence of added coenzyme. Of all of these ad- 
ditional substrates, succinate, malate, oxalacetate, fumarate, citrate, and 
glutamate were most effective in stimulating the reaction. Since the addi- 
tion of glutamic acid introduces the complication of the possible formation 


TaBLe VI 
Effect of Fumarate and Oxygen on p-Aminohippuric Acid Formation 
1.0 ml., containing 5.8 mg. of nitrogen, of a rat liver homogenate was added to each 
flask. Final concentrations, 0.001 Mm p-aminobenzoic acid (PAB), 0.015 m glycine, 
0.00078 m magnesium sulfate, 0.000012 m cytochrome c, 0.037 m potassium phosphate 
at pH7.55. Final volume of 4.0 ml. made isotonic with KCl. Ineubated 45 minutes 
at 38° under 100 per cent oxygen. 


PAB converted 


Gas phase Fumarate concentration 

uw X 10-3 per mcg. N 

Oxygen 57.4 

6 0.62 70.6 

1.25 74.7 

2.50 81.5 

ss 3.75 80.1 

5.00 81.5 

6.25 81.6 

7.50 80.0 

10.0€ 79.8 

12.50 79.6 

Al 66.9 

- 12.50 80.0 


of p-aminobenzoylglutamic acid, we eliminated it as a metabolite for further 
study, and of the remaining compounds chose fumarate as a representative 
4-carbon acid for more intensive investigation. 

Fumarate exerts its maximum action at the relatively low concentration 
of 0.0025 m (Table VI), and further increases in concentration are without 


action. The data also show that, in the absence of fumarate, lowering the 


oxygen tension by using air as the gas phase stimulates the reaction, while 
in the presence of fumarate this effect disappears. 

The addition of 4 mg. of DPN or 4 micromoles of ATP in the presence of 
0.0025 m fumarate stimulated the synthesis (Table VII) in contrast to the 
results obtained in the absence of fumarate. Surprisingly, the addition 
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of both DPN and ATP inhibited the formation of PAH (qualitatively it 
could be observed that the oxygen uptake was greater in the presence of 
both). While nicotinamide inhibited the synthesis, perhaps through a 
competitive formation of nicotinuric acid, the same effects with ATP 


TaBLe VII 
Effect of Adenosine Triphosphate (ATP) and Coenzyme I (DPN) in 
Presence of Fumarate 

1.0 ml., containing 4.3 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 M p-aminobenzoic acid (PAB), 0.015 m glycine, 
0.0025 m fumarate, 0.000012 m cytochrome c, 0.00038 m magnesium sulfate, 0.056 m 
potassium phosphate at pH 7.55. Total volume of 4.0 ml. made isotonic with KCl. 
Incubated 40 minutes at 38° under air. 





} 





ATP concentration DPN concentration | a PAB converted 
uw X 10-4 | u X io u X 107 ‘y per mg. N 

71.6 

1.54 | 76.0 

3.0 | 55.5 

1.54 | 3.0 64.4 

2.0 81.5 

2.0 1.54 | | 61.3 


TaB.e VIII 
Effect of Varying Adenosine Triphosphate (ATP) Concentrations in Presence 

of Fumarate 
1.0 ml., containing 4.04 mg. of nitrogen, of a rat liver homogenate was added per 
flask. Final concentrations, 0.001 M p-aminobenzoie acid (PAB), 0.015 m glycine, 
0.0025 m fumarate, 0.000012 mM cytochrome c, 0.00038 mM magnesium sulfate, 0.056 m 
potassium phosphate at pH 7.55. Total volume of 4.0 ml. made isotonic with KCl. 
Incubated 40 minutes at 38° under air. 


ATP concentration PAB converted 


iiniislodieisi a ny oan ~ eee ee ee 
u X 10° y per mg. N 
| _ 
| | = 
1.25 75.4 
2.50 74.4 
3.75 75.8 
5.00 76.1 





and DPN could be observed in the presence of nicotinamide, which was 
added to inhibit the hydrolysis of the DPN (9). The amount of ATP 
required for maximum stimulation is less than 0.0013 m (Table VIII). 

Homogenate Concentration—In the absence of fumarate, a pronounced 
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dilution effect was observed upon varying the amount of homogenate 
added (Fig. 10). An extrapolation of the linear portion of the curve 
intersected the zero conversion level at 2.5 mg. of homogenate nitrogen, 
and 12.7 mg. of nitrogen were required to effect complete conversion of the 
PAB to PAH in 45 minutes. With 0.0025 m fumarate present, as shown 
by the solid points of Fig. 10, the dilution effect largely disappeared, an 
extrapolation to zero intersecting the axis at 0.4 mg. of nitrogen, and 7.5 
mg. of nitrogen were required to convert PAB to PAH completely in 45 
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Fig. 10. Conversion of p-aminobenzoie acid (PAB) to p-aminohippuric acid by 
varying quantities of homogenate. Amount of homogenate expressed in terms of 


homogenate nitrogen Final concentrations, 0.001 vw PAB, 0.015 mM glycine, 0.00078 


magnesium sulfate, 0.000012 M cytochrome c¢ in all flasks. Experiments designated 


contain no fumarate, 0.05 M potassium phosphate brought to pl! 7.55, and were 
incubated under 100 per cent oxygen. Experiments designated @ contain 0.0025 
fumarate, 0.06 M potassium phosphate at pH 7.55, and were incubated under air 
Total volume of 4.0 ml. made isotonic with KCI] in all flasks; incubated 45 minutes 


at 38°, 


Kinetics With fumarate absent, the reaction proceeds linearly for 15 
minutes, then changes slope and proceeds linearly at a lower rate until 
10 minutes from zero time, and then stops completely (Fig. 11). (The 
time at which the reaction stops varied somewhat in livers from different 
animals.) In the presence of 0.0025 m fumarate, the reaction proceeds 
at a faster rate, continues linearly after the 15 minute change in slope 
until about 50 minutes have elapsed, again changes slope, and continues 
linearly. In an extension of the curve (not shown) in the presence of 
0.005 m fumarate, these results were duplicated up to 60 minutes, indicating 
that the additional fumarate does not further stimulate up to 60 minutes. 
The linear portion after 50 minutes continued to 80 minutes, when a new 
slope appeared that continued to 100 minutes, the termination of the 
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experiment. At the 100 minute point, a conversion of 126 y of PAB per 
mg. of homogenate nitrogen was attained. 

A time study was also made in the presence of 0.0025 m ATP and 0.0025 
m fumarate. While the rate was somewhat faster than with fumarate 
alone, the shape of the curve was substantially the same. It is remarkable 
that in all cases the rate of conversion changes after 15 minutes. This 
has been confirmed by running a rate study at 2.5 minute intervals over 
the first 30 minutes. 

It is also noteworthy that, when fumarate is added, the activity of 
homogenates made from livers of different animals is strikingly consistent. 
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Fic. 11. Kinetics of the formation of p-aminohippuric acid from p-aminobenzoic 
acid (PAB). Total concentrations, 0.001 m PAB, 0.015 m glycine, 0.00078 m mag- 
nesium sulfate, 0.000012 cytochrome c, 0.060 M potassium phosphate brought to 
pH 7.55 in all flasks. Total volume of 4.0 ml. made isotonic with KCl. Experiments 
designated © contained no fumarate, 1.0 ml. of rat liver homogenate, 4.7 mg. of 
nitrogen, and were incubated at 38° under 100 per cent oxygen. Experiments desig- 
nated @ contained 0.0025 mu fumarate, 1.0 ml. of rat liver homogenate, 4.8 mg. of 
nitrogen, and were incubated at 38° under air. 


Values of 72.1, 67.5, 70.2, 71.3, 70.5, 71.8, and 67.4 y of PAB converted 
per mg. of homogenate nitrogen were attained in 40 minutes in six con- 
secutive experiments, with a different animal for each homogenate, an 
extreme variation of about 8 per cent and a mean deviation of +2.1 per 
cent. 

The homogenate preparations are more active than were tissue slices (1). 
With homogenates, the Qpay is of the order of 1.7 for the 40 minute 


incubations, while, with slices, the value was 0.5 to 0.6. 


DISCUSSION 


The question as to whether the formation of PAH is a typical peptide 
bond synthesis or a specific instance still cannot, and need not, at present 
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be answered. Even though the synthesis may be catalyzed by enzymes 
specific for hippuric acid formation, the mechanism must be quite similar 
from an energetic standpoint, if not identical, to that required to acylate 
glycine with the a-amino carboxylic acids. 

The results of this study demonstrate that the synthesis is closely 
associated with the normal energy-yielding metabolic pathways; i.e., the 
citric acid cycle. Not only do the compounds associated with the cycle 
stimulate the production of PAH, but they are required in order to maintain 
the reaction at low tissue concentrations, where the endogenous metabolites 
are diluted to ineffective levels. Further, in the absence of any added 
metabolite, the synthesis abruptly stops after 40 minutes, but if fumarate 
is added, it can continue for at least 100 minutes. The maximum effective 
concentration of fumarate (0.0025 m) is low when added alone, and it is 
probable that the requisite concentration of the metabolites of the 
complete citric acid cycle, when all are present, is much lower, and may 
approach catalytic values. If this is true, the sudden cessation of the 
reaction at 40 minutes in the absence of fumarate can be understood, since 
it could represent the complete depletion of one or more essential metabo- 
lites in the catalytic cycle. Likewise, in the presence of fumarate, the 
changes in rate at the 50 and 80 minute times could represent the cessation 
of reactions not essential to the synthesis, but which contribute indirectly 
to the maintenance of the energy supply. 

The change in rate at 15 minutes, however, is independent of the metabo- 
lites we have added, and no valid explanation for it is available. The 
elucidation of the actual mechanism of the synthesis will be necessary to 
clarify this question. 

The failure of aceturic acid to replace glycine would indicate that the 
transacylation mechanism proposed by Rittenberg and Shemin (10) is not 
involved in this synthesis. The possible mechanisms involving oxidative 
deamination (11) can be excluded, not only because of the failure of 
glyoxylic acid and ammonia to participate in the synthesis, but also by the 
maintenance of anaerobic synthesis by ATP. 

It is evident that the actual mechanism must invoke a means of trans- 
ferring energy from the oxidative reactions of the citric acid cycle to the 
synthetic reaction by which PAH is formed. This transfer must in turn 
involve a compound common to the two systems. It is not likely that an 
enzyme is common to both reactions, and’direct coupling is thus improbable. 
The remaining alternative is that the energy liberated during the oxidation 
of the citric acid cycle components is “‘stored’”’ in some compound, which 
can react with glycine or PAB, creating a high energy intermediate whose 
energy is released upon the formation of the peptide bond. That the 
oxidation-reduction carriers, such as DPN, are the mediators is unlikely 
for the same reasons that oxidative deamination is unlikely. The most 
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obvious possibility is the formation of high energy-phosphorylated com- 
pounds, which react to yield either p-aminobenzoy] phosphate (acyl phos- 
phate) or N-phosphoglycine (amide phosphate). The peptide bond would 
then be formed by the release of phosphoric acid. The oxidation of the 
citric acid cycle components is known to result in the formation of high 
energy phosphate, which can be stored as ATP or phosphocreatine (12-14). 
The phosphorylation of the amino acids might involve the transfer from 
the adenylic system or directly from such compounds as phosphopyruvic 
acid, or either. 

The low magnitude of the maximum effective concentration of ATP in 
the presence of fumarate would indicate that it is playing a catalytic rdéle 
in the reaction as a phosphate transfer system rather than having a direct 
function. This view is supported by the inability to reach the magnitude 
of aerobic synthesis anaerobically in the presence of ATP, although these 
observations are complicated by the ATPase activity to be expected in 
crude liver homogenates. If these observations are valid, then the activity 
of ATP could be accounted for by its function in transferring high energy 
phosphate to a more specific phosphate donor directly concerned in the 
peptide bond synthetic mechanism. 

The stimulating action of DPN added alone is complicated by the 
presence of adenylic acid as an impurity in the preparation, which might 
account for the acceleration observed. However, this is not true of the 
inhibiting action of DPN in the presence of ATP, which is difficult to 
understand. The combination of the two substances apparently favors a 
competing reaction which interferes with the normal chain of energy- 
yielding oxidations by stimulating the oxidative metabolism and removing 
one or more components of the citric acid cycle, or some other key metab- 
olite. 

We propose to investigate the substitution of p-aminobenzoyl phosphate 
for p-aminobenzoic acid and N-phosphoglycine for glycine in a future 
study, which should establish whether either of these compounds is a 
direct intermediate in the synthesis of PAH. 

Previous investigations by other workers have failed to demonstrate 
peptide bond synthesis in homogenates (15, 16). It is not clear why 
such attempts have failed, since complete details of the methods were 
not given. If the customary Krebs’ Ringer’s solution, which contains 
calcium ion and little potassium ions, was employed, such attempts would 
be negative. Gross differences in the hydrogen ion concentration would 
also prevent synthesis. . 


SUMMARY 


1. The formation of p-aminohippuric acid (PAH) from p-aminobenzoic 
acid and glycine has been studied in rat liver homogenates. 
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2. The formation of PAH is stimulated by potassium and magnesium 
ions, and is inhibited by calcium and fluoride ions. Phosphate ion had no 
effect from 0.01 and 0.06 m. 

3. The reaction is sensitive to pH changes and has a maximum rate 
at pH 7.55. 

4. Adenosine triphosphate (ATP) supported the reaction anaerobically, 

5. Cytochrome c stimulated synthesis of PAH aerobically. 

6. Suecinate, fumarate, malate, oxalacetate, citrate, a-ketoglutarate, 
glutamate, and pyruvate stimulated the reaction. Hexose diphosphate 
and thiamine pyrophosphate were without effect. ATP and coenzyme | 
(DPN) had no effect alone but stimulated the reaction in the presence 
of fumarate, although ATP and DPN together inhibited. 

7. Fumarate had maximum action at 0.0025 M, and eliminated a marked 
dilution effect otherwise obtained. In the absence of fumarate, the 
formation of PAH ceased at 40 minutes, but, in its presence, the reaction 
continued beyond 100 minutes. 

8. A mechanism is indicated in which synthesis occurs upon transfer of 
high energy phosphate, possibly to one of the reactants. 
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Sphingomyelin is not affected by treatment with sodium alcoholate (1) 
or by potassium hydroxide (2) under conditions that will produce hydrolysis 
of glyceryl ester phosphatide. This resistance of sphingomyelin to mild 
alkaline hydrolysis has been used in its purification (1,3, 4) and assay (2, 5). 
The present work demonstrates that the choline of lecithin is quantitatively 
liberated under the conditions of alkaline hydrolysis which permits assay 
of sphingomyelin. Extension of the latter method (2, 5) to include the 
present finding permits the estimation of lecithin and cephalin. The 
extended method has been applied to the analysis of blood phospholipides. 


EXPERIMENTAL 
Method 


t ml. each of blood and plasma are placed in suitable containers, frozen 
with liquid air, and dried in vacuo while frozen (this material may then be 
kept indefinitely). 15 ml. of blood are sufficient for duplicate assays of 
blood and plasma and estimation of the cell volume. The concentration 
of cell phospholipides is estimated from the cell volume and the concentra- 
tions in blood and plasma. 

The dried blood and plasma are separately extracted for 6 hours with 20 
ml. of a mixture of equal parts of chloroform and methanol in a continuous 
extractor similar to one described by Thannhauser and Setz (6). To facili- 
tate boiling and to inhibit oxidation the extraction flask should be equipped 
with a boiling tube through which nitrogen is bubbled. The extract is 
cooled, filtered, and made up to a volume of 25 ml. with additional solvent. 

Total phosphorus (7) is determined on 1 ml. samples of this extract. 
A 10 ml. sample is placed in a suitable tube, heated in a water bath at 60°, 
and the solvent removed by a current of air. When cool, 5 ml. of N 
potassium hydroxide are added, the tube stoppered, and the mixture 
incubated at 37° for 16 hours. When the suspension has reached room 
temperature, a 1 ml. portion is acidified with 1 ml. of 1.5 N hydrochloric 
acid and 3 ml. of 0.5 m trichloroacetic acid. In order to obtain a perma- 
nently clear filtrate this acidified mixture must stand 60 minutes before 
filtration through Whatman No. 30 filter paper. 1 ml. of this filtrate is 
used for the determination of total phosphorus (7). 
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For the estimation of choline | ml. of 4.5 N hydrochloric acid is added 
to 3 ml. of the potassium hydroxide suspension. This mixture is let stand 
60 minutes, after which it is filtered through asbestos with gentle suction 
and the filter washed twice with 1 ml. of 1.5 N hydrochloric acid. To 
the combined filtrate and washings are added 2 ml. of a freshly prepared 
saturated solution of ammonium reineckate in 0.5 N hydrochloric acid, 
After the solution has stood at 25° for 30 minutes, the glistening pink 
crystalline precipitate of choline reineckate is collected on a Pyrex M 
filter tube by means of gentle suction and washed twice with 2 ml. of 
ethanol. After the ethanol is removed by drawing air through the filter, 
the precipitate is dissolved in 3 ml. of acetone. The optical density of the 
solution is then determined in a Beckman quartz spectrophotometer 
at 526 my (slit width, 0.01 mm.) and the concentration of choline de- 
termined by interpolating from a standard curve. 

The difference between total lipide phosphorus and that liberated by 
the alkaline hydrolysis is a measure of sphingomyelin. The choline 
liberated by the hydrolysis is a measure of lecithin. The phosphorus 
liberated by the hydrolysis not accounted for as lecithin is a measure of 
cephalins. Any acetal phosphatide present will appear in the cephalin 
fraction. 

Extraction of Phospholipide—Mixtures of phospholipides such as those 
obtained from biological material and the individual phospholipides, except 
acetal phosphatide, are readily soluble in benzene. However, it was found 
that when plasma and serum, frozen dry, were extracted by hot benzene 
for 6 hours in the apparatus referred to above less than 0.5 per cent of 
the total lipide phosphorus could be demonstrated in the extract. In 
contrast about 10 per cent of the phospholipide of blood was so extracted; 
of this, three-fourths was cephalin, and the remainder was equally dis- 
tributed between lecithin and sphingomyelin. On the other hand, ex- 
traction of the phospholipides from blood, plasma, and serum, frozen 
dry, by hot chloroform-methanol was found to be complete in 6 hours, 
since a second 6 hour extraction of the residue with fresh solvent yielded 
additional lipide phosphorus equivalent to less than 0.5 per cent of the 
total phospholipide. These observations suggest that the phospholipides 
of blood are primarily in the form of a phospholipide-protein complex 
which can be broken by polar solvents. 

Determination of Choline—The conditions for quantitative determi- 
nation of choline were studied. Maximum precipitation of choline 
reineckate was found to occur only when the ammonium reineckate so- 
lution was freshly prepared for each set of determinations; e.g., with 
ammonium reineckate solutions that had stood for 2 days at 25° about 
30 per cent less choline was obtained from plasma lipides and from so- 
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lutions of choline than with freshly prepared ammonium reineckate 
solutions. Complete precipitation occurred within 30 minutes at 25°; 
no additional precipitate was formed on refrigeration at 0° for 60 minutes. 
Ethanol was used to remove excess Reinecke acid from the choline 
reineckate because it was found to be as effective as n-propanol and more 
volatile. Water was not used because choline reineckate is appreciably 
soluble in water; e.g., a 10 mg. sample of choline reineckate, washed 


TaBLeE I 
Effect of Hydrolysis on Various Lipide Preparations 
The data are re expressed i in mM per gm. 














| Hydrolyzed with | 
Nn KOH at 37° 
|__ for 16 brs. | Choline lib- Choline liber. 
Rights gonpenation | a Acid-soluble 0.5 Bal: gf re. 
_— es a in 4 hrs. 
phorus |‘ Choline 
A. Lecithin, CdCl: 0.94 | 0.92 | 0.860, 0.860 | 0.865 
B. - (beef heart) 1.19 | 1.05 | 0. 875 | 0.865 0.860 
C. Cephalin 1.20 | 1.19 
D. Lipositol : 0.82 | 0.81 | 
E. Acetal phosphatide 2.40 | 2.32 | 0 
F. Sphingomyelin 1.25 {0 | 0 
G. a reineckate 0.456 | 0.316 | 0.222 
(2 samples) 0.445 | 0.228 | 0.200 | 





Preparation A, from eggs according to Levene and Rolf (10); Preparation B, 
gift from Dr. Mary C. Pangborn; Preparation C, from human brain according to 
Folch (11); Preparation D, gift from Dr. D. W. Woolley; Preparation E, from beef 
brain according to Klenk (12) (the acetone-dried beef brains were generously sup- 
plied by The Wilson Laboratories, Chicago); Preparation F, from beef brain (1); 
Preparation G, each sample from a whole cat brain (6). 





repeatedly with water, ethanol, and n-propanol, was then washed with 
10 ml. portions of water at 25°. These aqueous washings contained choline 
reineckate equivalent to 23 y of choline per ml. 

Recovery of choline added to the filtered, acidified, hydrolysate prepared 
from extracts or of choline was satisfactory; e.g., 86, 86, and 29 y of choline 
were added to the prescribed aliquots of acidified hydrolysate which con- 
tained 174, 120, and 130 y of choline respectively. The total amounts 
found were 254, 210, and 160 y respectively. The treatment with alkali, 
under the conditions described, did not affect recovery of choline. 

The standard curve was prepared by treating known amounts of choline 
(38 to 732 y) as choline chloride (Pfanstiehl) in 5 ml. of water with 2 ml. 
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of a freshly prepared saturated solution of ammonium reineckate in 0.5 x 
hydrochloric acid. The precipitates of choline reineckate were collected, 
washed, and dissolved in acetone as described under ‘“‘Method.” The 
optical densities at 526 my (slit width, 0.01 mm.) were determined in the 
spectrophotometer. This standard curve was found to coincide with 
a curve obtained by measurement of acetone solutions of known concen- 
tration prepared from well washed choline reineckate. Because the 


TABLE II 
Phospholipide Composition of Blood from Normal Human Subjects 
The blood samples, drawn from the median cubital vein and placed in a mixture 
of dry ammonium and potassium oxalates (13), were collected on different days, 3 
hours after a breakfast of two eggs, milk, and cereal and 15 hours after the previous 
evening meal. The cell volume was determined by centrifugation (14). The mean 
molecular weight of the phospholipides is taken to be 800 and the concentrations are 


expressed in mm per liter. 


Ratio, 
} Total choline 
Subject _—< Materia! re Lecithin | Cephalin _ee uPide te wo. 7 
pholipide 

per ceni 

Female, age 3 Blood 3.26 1.53 1.06 0.67 0.67 44.5 
20 yrs. Plasma 2.75 | 2.22 | 0.10 | 0.43 0.96 
Cells 3.90 | 0.67 | 2.24 | 0.99 0.42 

15 Blood 3.45 2.06 0.64 0.75 0.81 46.0 
Plasma 2.69 | 2.22 | 0.11 | 0.36 0.95 
Cells 4.35 1.88 1.25 1.22 0.71 

Female, age 3 Blood 3.50 1.89 0.84 0.77 0.76 45.0 
28 yrs. Plasma 3.18 | 2.44 | 0.18 0.56 0.94 
Cells 3.88 1.21 1.64 1.03 0.57 

15 Blood 3.25 1.54 0.96 0.75 0.70 47.0) 
Plasma 3.02 | 2.25 | 0.25 | 0.52 0.91 
3.50 | 0.75 | 1.75 1.00 0.50 


Cells 


extinction coefficient has been reported (8) to be greater at 327 mg, 
measurements were also made at this wave-length. The data obtained 
demonstrated that although Beer’s law held at 526 mu it did not at 327 mg. 
Measurements have been made at the lower wave-length by others (8) 
over a narrower range of concentration than here reported, in which 
instance Beer’s law does hold. 

Effect of Hydrolysis on Various Lipide Preparations—Several phos- 
pholipide fractions were used to test the efficacy of the hydrolyis to yield 
acid-soluble phosphorus and choline. All of the fractions except the 
sphingomyelin and sphingomyelin reineckates were soluble in N potassium 
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hydroxide at 37°. The results appear in Table | and demonstrate complete 
liberation of phosphorus from lecithin, cephalin, and acetal phosphatide 
and of choline from lecithin.!. This phosphorus was still in organic linkage, 
presumably glycerophosphate, since digestion with sulfuric acid was re- 
quired in order to give maximum values. The sphingomyelin remained 
intact. Although the acetal phosphatides are also resistant to alkaline 


TaB.e III 
Serum Phospholipides of Normal Human Subjects 


The blood samples were collected under the conditions described in Table II, 
except that no anticoagulant was used. The concentrations are expressed in mM 


per liter. 
Ratio, 
| Total tea choline 
Sen Age a | phospho- | Lecithin Cephalin | se } rag 
lipide ! | total phos- 
| pholipide 
Males 19 3 2.45 0.37 
15 2.00 1.29 0.34 0.37 0.83 
20 3 2.49 1.91 0.12 0.46 0.95 
15 2.49 1.95 0.12 0.42 0.95 
24 3 2.60 2.22 , 0.00 0.38 | 1.00 
15 2.48 1.85 0.21 £0.42 0.91 
25 3 2.94 2.14 | 0.44 0.36 0.85 
15 3.00 2.42 0.00 0.58 1.00 
29 3 2.73 1.838 0.45 0.40 0.83 
15 2.62 1.90 0.27 0.45 | 0.90 
Females 24 3 3.30 2.74 0.00 0.45 1.00 
15 3.28 2.74 0.05 0.49 0.98 
24 3 3.25 2.48 0.18 0.59 § 0.94 
15 3.20 2.58 0.12 , 0.50 0.96 
27 3 2.60 2.50 0.00 0.10, 1.00 
15 2.49 2.22 0.00 0.27 1.00 
Average 3 2.79 | 2.26 0.17 0.39 | 0.95 
15 


2.69 2.12 0.14 0.43 0.95 


hydrolysis (9, 12), they do not interfere with the determination of sphingo- 
myelin since they are extremely labile in acid (9); as may be seen by the 
data in Table T the phosphorus is quantitatively recovered in the acid- 
soluble fraction after hydrolysis with N potassium hydroxide. The 

‘The fact that the phosphorus to choline ratio of Preparations A and B is not 1 
indicates that the samples were not pure lecithin. The beef heart lecithin (Prepara- 


tion B) contained 0.142 mm of amino nitrogen per gm., presumably from contamina 
tion with non-choline phospholipide. 
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results obtained with the sphingomyelin reineckates offer additional 
evidence to that previously reported (3) that sphingomyelin reineckate 
from crude lipide extracts is a lipide mixture, in this case containing 
sphingomyelin, lecithin, and cephalin. 


Results 


The results of the analyses on human blood, plasma, and serum are 
summarized in Tables II and III. Compar‘son with work of other in- 
vestigators may be made from Table IV. As may be seen, the finding 
of Taurog et. al. (18) that the phospholipides of plasma are predominantly 
choline-containing (i.e. lecithin and sphingomyelin) is confirmed by 
our studies on plasma and serum. The distribution of the phospholipides 


TaBie IV 
Blood Phospholipides Reported by Others 
The original data have been converted to mm per liter. 




















| | Ratio, 

Total | 4 | Sphin- | choline 

Investigator Material bets _ | —_ ew omne- finan 
| lipide | ein | total phos- 

} | pholipide 

Ramsay and Stewart (15) | Blood | 12 | 3.52| 0.41 | 0.82 2.29| 0.76 
Thannhauser et al. (16) | Serum | 6 | 2.82/ 1.34/ 1.20/ 0.29 0.58 
Kirk (17) | Plasma | 20 | 1.81 | 0.24 | 0.85 / 0.72) 0.53 
| Cells | 20 | 2.45 | 0.40 | 1.46/ 0.59 0.40 

Taurog et al. (18) | Plasma | 11 | 2.94 ui 0.08 | 0.98 





of serum was found to be the same as in plasma. Cephalin is shown 
to be the largest phospholipide fraction in cells and the sphingomyelin 
concentration of cells to be twice that of plasma. With respect to the 
present data no obvious correlation of the phospholipide composition of 
blood, plasma, serum, or cells with the length of fast could be established. 
It may be pointed out that the results summarized in Table IV were ob- 
tained by dissimilar methods. Duplicate assays were made throughout 
and agreed within +1 per cent for both phosphorus and choline. 


SUMMARY 


A method is described permitting determination of the phospholipide 
composition of plasma and cells on 15 ml. of blood in duplicate, agreeing 
within +1 per cent. 
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THE ROLE OF PYRIDINE NUCLEOTIDES IN THE 
REDUCTION OF METHEMOGLOBIN 
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(From the Biochemistry Section, Medical Division, Army Chemical Center, 
Edgewood Arsenal, Maryland) 


(Received for publication, March 25, 1947) 


In the course of investigations concerning the use of p-aminopropio- 
phenone-induced methemoglobinemia in the prevention of cyanide poison- 
ing (1) and of the physiological impairments incident to methemoglobinemia 
(2, 3), it became of interest to study the mechanism of action between 
methylene blue and hemoglobin or methemoglobin. It has been shown, on 
the one hand, that methemoglobin is produced when methylene blue is in- 
jected into the normal organism (4, 5). On the basis of this action, methyl- 
ene blue has been classified as a methemoglobin former and recommended 
us an antidote in the treatment of cyanide poisoning (5). On the other 
hand, it has also been demonstrated that the reduction of methemoglobin is 
accelerated when the dye is injected into the methemoglobinemic animal 
(6,7). The present study is concerned with a further analysis in vitro of 
the reduction of methemoglobin in intact methemoglobinemic erythrocytes 
and in hemolysates, and with the possible réle of pyridine nucleotides in this 
reduction. 


EXPERIMENTAL 


Methemoglobinemic cells were prepared in vivo by the injection of 
p-aminopropiophenone (2.5 to 3.0 mg. per kilo in 2 to 3 cc. of redistilled 
propylene glycol) into dogs. After approximately 1 hour most of these 
dogs exhibited symptoms of methemoglobin poisoning, and their erythro- 
cytes showed a conversion of 60 to 80 per cent of their pigment to methemo- 
globin. Approximately 20 to 30 cc. of blood from normal or methemoglo- 
binemic dogs were withdrawn by heart puncture and heparinized. The 
centrifuged cells were washed twice with 4 or 5 volumes of Ringer-phosphate 
solution of the following composition: 0.13 M NaCl, 0.0095 m CaCh, 0.0031 
uw KCI, 0.0015 M MgSQ,, and 0.01 mM phosphate buffer, pH 7.40. After two 
such washings, glucose could no longer be detected. The cells were then 
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diluted to the original blood volume with Ringer-phosphate solution and 
filtered through gauze to prevent the accidental introduction of small clots, 

Hemolysates were prepared by centrifuging the normal or methemo- 
globinemic washed cell suspensions and removing the supernatant solution. 
The cells were frozen in an ice-salt mixture with continuous stirring, and 
appropriate amounts of precooled water were added. In certain experi- 
ments, hemolysis was performed in the presence of nicotinamide so as to 
vield a final concentration of 0.16 M nicotinamide in the hemolysate. The 
cells were immersed in a water bath at about 30° and thawed with constant 
stirring. After standing at room temperature for 30 minutes, the solutions 
were again centrifuged for 15 minutes and the clear supernatant liquid was 
withdrawn for use in the experiments. 

Purified methemoglobin was prepared from guinea pig blood by the 
method of Warburg and Reid (8) and dialyzed at 0-4° against distilled 
water until nitrites could no longer be detected in the methemoglobin solu- 
tion. The solution was diluted to a suitable volume with 0.05 m phosphate 
buffer (pH 7.40) and kept at 0—4° until use. 

Sodium lactate solution was prepared by neutralizing lactic acid, c.p., 
with NaOH to phenol red. This solution showed no optical activity and 
was considered to consist of racemized sodium lactate. Sodium hexose 
diphosphate was obtained from the calcium salt (Schwarz) by treatment 
with the calculated amount of sodium oxalate and addition of a few drops 
of dilute CaCl, solution to the filtrate to insure the absence of oxalate ions. 
Methylene blue (U. 8. P.), nicotinamide (U. 8. P.), and dextrose (anhy- 
drous, ¢.P.) were used. 

Diphosphopyridine nucleotide (DPN) was prepared from pressed bakers’ 
yeast according to the directions of Williamson and Green (9). The purity 
of the preparation was determined spectrophotometrically by measuring 
the change in absorption upon treatment with Na.S.O, at 340 my, and esti- 
mated to be about 10 to 20 per cent. Since no standard samples of DPN 
were available, and only a first approximation of the purity was required, 
this method was chosen because of its convenience. Reduced diphospho- 
pyridine nucleotide (DPN-H:) was prepared according to Green and Dewan 
(10) except that NaS.O, in the solid state rather than in solution was added 
tothe DPN solution. The excess NaoS,O, was destroyed by passing oxygen 
in a vigorous stream through the solution for 30 minutes. If the solution 
was cloudy after the treatment with Na.S.O,, it was centrifuged and the 
supernatant filtered. 

The erythrocyte suspensions, hemolysates, or methemoglobin solutions, 
prepared as described above, were mixed in equal proportions with solutions 
of the various substrates in 25 or 50 ec. Erlenmeyer flasks. The flasks were 
immersed in a water bath at 38° and shaken at the rate of 110 oscillations 














GUTMANN, JANDORF, AND BODANSKY 147 


per minute. Duplicate samples for the analytical determinations were 
withdrawn from the reaction mixtures at the times stated in Tables I to ITI. 
Methemoglobin was determined spectrophotometrically in duplicate ali- 
quots, immediately upon withdrawal of the sample, by a slight modification 
of the method of Evelyn and Malloy (11). The presence of methylene blue 
in the concentrations used in the experiments was found not to interfere 
with the determination of methemoglobin. Lactic acid was determined by 
the method of Barker and Summerson (12), and the amount of total blood 
pigment iron according to the method of Drabkin (13). 


Results 


Oxidation of Hemoglobin and Reduction of Methemoglobin by Methylene 
Blue—Warburg, Kubowitz, and Christian (14), using the evolution of oxy- 
gen as a measure of methemoglobin formation, found that methylene blue 
oxidized hemoglobin to methemoglobin in intact, washed erythrocytes or 
in hemolysates prepared from them, but that in the presence of added glu- 
cose methylene blue reduced methemoglobin in intact erythrocytes. These 
findings were confirmed and extended in the present study with the spectro- 
photometric technique. It was found that, if the reaction was permitted to 
proceed for a sufficient length of time, complete oxidation of hemoglobin 
by methylene blue occurred both in hemolysates and in washed intact 
erythrocytes. Thus, at a concentration of 0.27 mm methylene blue, 72 per 
cent of the blood pigment from washed and laked erythrocytes was oxidized 
to methemoglobin in 4 hours, 94 per cent in 24 hours, and 100 per cent in 
44 hours at 38°. In the presence of glucose, oxidation by methylene blue 
was retarded in intact erythrocytes but not in hemolysates. 

The addition of glucose or lactate to methemoglobinemic cells caused 
reduction, provided that methylene blue was present and the cells were 
intact. It may be mentioned that glucose was more effective than twice its 
molar concentration of dl-lactate. Thus, in a typical experiment, the con- 
centration of methemoglobin decreased in 2 hours from an initial value of 
84 to 28 per cent in the presence of 56 mM glucose and 0.13 mm methylene 
blue; in the presence of 110 mm dl-lactate and the same concentration of 
methylene blue, the methemoglobin concentration decreased to only 48 per 
cent. No reduction was observed in hemolysates from methemoglobinemic 
cells, prepared as described above, in the presence of methylene blue and 
either glucose, lactate, or hexose diphosphate. 

The results of Warburg et al. (14) as well as those obtained in the present 
study suggest that during hemolysis a factor, essential in the reduction of 
methemoglobin in the presence of substrate and methylene blue, is lost. 
That the process of glycolysis is linked with the reduction of methemoglobin 
is implied by the work of Kiese (15) and of Drabkin (16) who showed that 
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iodoacetate and fluoride inhibit this reduction. In confirmation of their 
results, it was found that a concentration of 100 mm fluoride or 1 mM iodo- 
acetate completely suppressed the reduction in the presence of glucose and 
methylene blue. 

Although glycolysis appeared to be necessary for the reduction of methe- 
moglobin, the extent of the reduction did not parallel the extent of lactic 
acid formation when glucose was used as substrate. Thus, in a typical 
experiment no methemoglobin was reduced and 9.3 micromoles of lactie 
acid were formed in 10 ec. of reaction mixture during 100 minutes in the 
absence of methylene blue; in the presence of 0.0013 mm methylene blue, 
1.2 micromoles of methemoglobin were reduced but the amount of lactic 
acid formed was essentially the same, 8.7 micromoles. These results 
indicate that the connection between glycolysis and methemoglobin redue- 
tion in the presence of methylene blue does not consist of a simple inter- 
action between glucose or lactate and methylene blue. 

Réle of Pyridine Nucleotides in Reduction Of Methemoglobin—In view of 
the above results, it was considered possible that the lack of reduction of 
methemoglobin by methylene blue in hemolyzed cells was caused by the 
absence of pyridine nucleotides from hemolysates, since there is evidence 
that pyridine nucleotides disappear rapidly upon lysis of erythrocytes (17) 
and homogenization of several animal tissues. The disappearance may be 
counteracted by the addition of nicotinamide during the process of disin- 
tegration of the cell structure (18, 19). Consequently, the effect of nico- 
tinamide, present at the time of hemolysis, upon the reduction of methe- 
moglobin was tested. 

Table I shows the extent of reduction of methemoglobin in hemolysates 
in the presence of nicotinamide and various substrates. No significant 
reduction oceurred in the presence of nicotinamide and methylene blue 
when glucose was used as a substrate. With hexose diphosphate, 5 to 13 
(average 9) per cent of the methemoglobin originally present was reduced 
in | hour when nicotinamide but no methylene blue was present. The 
addition of methylene blue to this system caused a much more rapid re- 
duction; in nine experiments, an average of 33 per cent of the methemo- 
globin originally present was reduced in | hour under these conditions. 
This reduction was completely inhibited by the addition of 1 mm iodoace- 
tate. The presence of nicotinamide also led to a substantial reduction of 
methemoglobin when lactate was chosen as the substrate. 

The above data indicated that either DPN or triphosphopyridine nu- 
cleotide or both were necessary for the reduction of methemoglobin by 
lactate or hexose diphosphate. The reaction mechanism was assumed to 
consist of a reduction of pyridine nucleotides by these substrates, and a 
subsequent interaction between the reduced pyridine nucleotide and met- 
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TaBLe I 
Effect of Nicotinamide (NCA) and Methylene Blue (MB) on Reduction of 
Vethemoglobin in Hemolysates with Glucose, Lactate, and Hezxose 
Diphosphate (HDP) As Substraies 
The initial concentration of methemoglobin was 60 to 80 per cent of the total blood 
pigment. 


Fraction of methemoglobin reduced 


During 60 min. in presence of During 120 min. in presence of 


160 mw NCA » . 1o0 mu NCA . 1609 mu NCA 
2.8mm glucose, , ¢ . *  28ms HDP, 160 mw NCA, »’ | 20 ma lactate, : ° 
0.13 mu MB 7mm glucose, O'13ma MB 2.8ma HDP 25 ™™ HDP, | “4 13ma MB 2) mat lactate, 


0.13 mM 0.13 mw MB 0.13 mu MB 
per cent per cent per cent per cent per cent per cent per cent 

0 0 0 5 27 2 7 
3 2 0 7 31 0 Is 
3 ‘ 0 4 31 20 

l 11 32 

13 33 

33 

36 

36 

39 

TaBLe II 


Reduction of Purified Methemoglobin (MetHb) by Reduced Diphosphepyridine 
Nucleotide (DPN-H:2) in Presence of Methylene Blue (MB) 
The composition of the reaction mixture is expressed in terms of the absolute 
amounts of reactants, in micromoles, present in a volume of 6 cc. The concentration 
of methemoglobin is expressed as per cent of total blood pigment. 


Concentration of methemoglobin after 


; . incubation at 38° for 
Composition of reaction mixture 


0 min. 15 min. 20 min. 
per cent per cent per cent 
0.044 MetHb* 9 O0 
0.044 a + 0.29 DPN-H, nt) 83 
0.044 ** + 0.29 i + 0.027 MB Ow) 12 
0.044 “* + 0.29 DPN + 0.027 ‘ 90) af) 
0.068 s QS OS 
0.068 vs + 0.44 DPN-H, 9S S85 
0.068 " + O.44 + 0.027 MB 98 8 


* The controls are treated with a solution which contained the same amount of 
Na»S.O, as was used in the reduction of DPN and which had been exposed to oxygen 
for 30 minutes. The amounts of DPN and DPN-H:, given in the table are estimated 
on the basis of spectrophotometric assay of the preparation as described in the text. 
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hemoglobin, mediated by methylene blue. Table II shows the reaction 
of DPN-H: with purified methemoglobin, in the presence of methylene 
blue. It may be seen that methemoglobin was reduced to some extent 
directly by DPN-H, and that this reaction was greatly accelerated in the 
presence of methylene blue. No reduction occurred when DPN instead of 
DPN-H: was used. The rate of reduction of methemoglobin in this system 
was rapid; no further change in the concentration of methemoglobin was 
found after incubation for approximately 15 minutes at 38°. Table II] 
shows that the extent of reduction of methemoglobin under these con- 
ditions was a function of the amount of reduced pyridine nucleotide added 
to the system. 
Taste III 
Effect of Concentration of DPN-H2 on Extent of Methemoglobin Reduction 

Each reaction mixture contained 0.045 mm methylene blue. A relative concen- 
tration of DPN-H; of 1 represented a concentration of 0.017 mg. of a reduced William- 
son-Green preparation in 6.0 cc. of reaction mixture. 





Relative concentration of DPN-H: Fraction of MetHb reduced in 30 min. 





unils per cent 


1 28 
2 40 
" 45 
ll 68 
16 75 
20 | 79 


DISCUSSION 


The present work has shown (a) that when nicotinamide, a known 
suppressor of pyridine nucleotide hydrolysis, is present hexose diphosphate 
or lactate can serve as substrate in the reduction of methemoglobin in 
hemolysates as well as in intact erythrocytes, while glucose is no longer 
utilized after hemolysis, and (6) that methemoglobin interacts with DPN- 
H, to yield hemoglobin. Both of these reactions are greatly accelerated 
by methylene blue. The findings indicate that, incident to hemolysis, 
processes other than destruction of pyridine nucleotides occur which 
abolish glycolysis in hemolysates. In view of the non-utilization of glucose 
in the reduction of methemoglobin in such a system it appears likely that 
one or more steps in the phosphorylating mechanism, leading to the pro- 
duction of hexose diphosphate from glucose, are abolished by hemolysis. 

It is implied by the experiments here presented that the component in 
the Williamson-Green yeast preparation, active in the reduction of met- 
hemoglobin, is DPN-H,. It is recognized that this preparation contains 
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substances other than DPN. However, several lines of evidence, derived 
from this study and the work of other investigators, support the conclusion 
previously expressed. Runnstroem, Lennerstrand, and Borei (20) observed 
that the addition of DPN to a system consisting of hemolyzed blood, hexose 
monophosphate or diphosphate, and methylene blue increased oxygen con- 
sumption and phosphorylations. Lennerstrand (17) reported that pyridine 
nucleotides of erythrocytes disappeared rapidly following lysis. Mann 
and Quastel (18) and Handler and Klein (19) demonstrated that nicotin- 
amide in high concentrations was a specific competitive inhibitor of a 
nucleosidase which liberates nicotinamide from DPN during the disinte- 
gration of animal tissues. In the present study, reduction of methemo- 
globin in hemolysates proceeded only on addition of nicotinamide to the 
system during lysis. This reduction was abolished by the addition of 
low concentrations of iodoacetate, a known inhibitor of dehydrogenases 
which bring about reduction of DPN. The above findings indicate very 
strongly that the component in the Williamson-Green preparation, which, 
after treatment with NaS,OQy, is active in methemoglobin reduction, is 
indeed DPN. 

[t appears that the essential feature of the reduction of methemoglobin 
within the intact erythrocyte or in solution is the interaction between 
DPN-He and methemoglobin. Methylene blue mediates this reaction; 
it may be presumed to be reduced by DPN-H: to leucomethylene blue, 
which in turn reduces methemoglobin to hemoglobin. For the reducing 
action of methylene blue a continuous source of DPN-H: must thus be 
available. The removal of substrate, or the inhibition of glycolysis by 
fluoride or iodoacetate, interferes with the production of DPN-H2; hemoly- 
sis results in the enzymatic destruction of DPN. If the formation of 
DPN-H, is prevented by any one of these means, leucomethylene blue 
is no longer regenerated in this system, and methylene blue acts purely as 
an oxidant. 


SUMMARY 


Reduction of methemoglobin by hexose diphosphate or lactate and meth- 
ylene blue in hemolysates occurs only in the presence of nicotinamide 
during lysis. Glucose cannot function as substrate in this system, but is 
utilized in intact methemoglobinemic cells. 

Addition of « partially purified preparation of reduced diphosphopyridine 
nucleotide from yeast to methemoglobin and methylene blue results 
in the rapid reduction of methemoglobin. Diphosphopyridine nucleotide 
in its oxidized form is ineffective in this system. 

Conditions are defined for the action of methylene blue as an oxidant of 
hemoglobin or a reductant of methemoglobin. 
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The streptomycin molecule contains a number of functional groups which 
may serve as bases for chemical assay. ‘The Sakaguchi reaction has been 
used to test for the guanido groups of the molecule (1), and a reaction 
given by the N-methyl-L-glucosamine moiety (2) of streptomycin has been 
reported (3). Furthermore, the molecule has a free or potentially free 
carbonyl group (4) and marked reducing properties. Any of these groups 
ean be used as a basis for assay purposes on highly purified material, but 
these reactions are not sufficiently specific for samples of lower potency or 
biological fluids. 

A means of assay was suggested by the observation that streptomycin 
on being heated with dilute alkali forms maltol, 2-methyl-3-hydroxy-y- 
pyrone (5). Maltol shows characteristic absorption maxima in the ultra- 
violet in both acid and alkaline solutions, and reacts with ferric ions to 
give a purple-red color which is stable in acid solution (6). We have further 
observed that maltol reacts with the phenol reagent of Folin and Ciocalteu 
to give the usual blue color. The colorimetric assay procedure for strep- 
tomycin presented in this paper is based on these reactions of maltol. 


Determination of Streptomycin in Clinical Preparations 

Reagents 

1 x and 2 N sodium hydroxide. 

20 per cent sodium carbonate. 

1 per cent ferric ammonium sulfate in 0.75 N sulfuric acid. 

Phenol reagent (according to Folin and Ciocalteu (7)). 

Maltol Formation—To 5 ml. of the streptomycin solution in a test-tube 
add 1 ml. of 2N NaOH. Immerse the tube in a boiling water bath for 3 
minutes and cool for 3 minutes in cold water. 

Color Reactions—EFither ferric ammonium sulfate or the phenol reagent 
is used to develop a color with the maltol, depending on the amount of 
streptomycin originally present. The sensitivity with the ferric ammonium 
sulfate reagent is 500 to 2500 y of streptomycin; with the phenol reagent, 
20 to 250 y. 

* Presented in part at the meeting of the American Chemical Society, Chicago, 
September, 1946 (Abstracts, 13B). 
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Ferric Ammonium Sulfate Reagent —lo the cooled alkaline solution add 
4 ml. of the ferric ammonium sulfate reagent. Shake vigorously and 
determine the intensity of the purple color in a photoelectric colorimeter 
with Filter 540 after 10 minutes. The light transmittance of the blank 
is nearly the same as for water and is constant, varying not more than 
+0.5 deflection in the Evelyn photoelectric colorimeter. 

Phenol Reagent—To the cooled alkaline solution add dropwise | ml. of 
the phenol reagent and mix well. Let stand 1 to 2 minutes, add 3 mi. 
of 20 per cent sodium carbonate, and shake vigorously. Read after 10 
minutes in a photoelectric colorimeter with Filter 660. A blank is prepared 
simultaneously. Clinical preparations of streptomycin contain small 
quantities of material which reacts directly with the phenol reagent. 
Ordinarily this accounts for 2 to 5 per cent of the color value obtained 
after maltol formation. Therefore an additional determination is carried 
out with 5 to 10 times the quantity of the sample in exactly the manner 
described above except that the heating period with alkali is omitted. 
Since the formation of maltol from streptomycin occurs at an appreciable 
rate even at room temperature, the phenol reagent must be added im- 
mediately after the addition of the alkali. 

Methanolic Solutions of Streptomycin—It streptomycin is to be determined 
in methanolic solution, the ferric ammonium sulfate reagent is applicable. 
Starting with 4 ml. of methanol solution in a 10 ml. graduated cylinder, 
add 2 ml. of | N NaOH and immerse the cylinders in a water bath at 65° 
+ 1° for 20 minutes. After cooling add ferric ammonium sulfate reagent 
to the 10 ml. mark. The intensity of the purple color is measured after 
10 minutes. 

Calibration —In this paper the accepted definition is used; namely, that 
1 unit of streptomycin is equal to | y of streptomycin-free base. 

A sample of crystalline streptomycin trihydrochloride calcium chloride 
double salt (8) was the standard used in the calibrations. Since the salts 
of streptomycin are hygroscopic and vigorous drying may cause some de- 
composition, two samples are weighed out at the same time; one is used for 
a moisture determination by drying for 3 hours at 100° over phosphorus 
pentoxide in vacuo; the other is used for the calibration and a correction 


is made for the water content. 


DISCUSSION 


The specificity of the m@ltol formation on short heating with alkali has 
been investigated with a number of derivatives and cleavage products of 
streptomycin. Dihydrostreptomycin, obtained by reduction of the ear- 
bonyl group of the molecule, is biologically active, but does not form maltol 
(9). Neither N-methyl-.-glucosamine nor streptidine yields maltol. The 
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former is inactive by microbiological test and the latter shows only slight 
activity when compared to streptomycin. Aqueous acid hydrolysis of the 
glycosidic linkage between streptidine and the rest of the molecule results 
in the formation of a cleavage product, streptobiosamine (10), which does 
not form maltol. However, hydrolysis of streptomycin in methanolic 
hydrochloric acid and subsequent acetylation yield methyl tetraacetyl- 
streptobiosaminide dimethyl acetal (11) in which the streptidine is replaced 
by a methyl group in the glycosidic linkage. This product forms maltol 
on heating with alkali. Therefore, the maltol is derived from the center 
portion of the molecule, streptose (12), which must contain an intact car- 


Tass I 

Specificity of Reagents Used for Determination of Maltol Formed from Streptomycin 
The compounds listed were treated with alkali under the conditions of the test, 
and color development with the reagents was then obtained. 





Phenol | Ferric 
reagent reagent 


Phenol Ferric 


Substance, 10 mg. 
reagent reagent) Substance, 1 6 


Substance, 10 mg. 


Glucose ++++, — | Hydroxyproline - | - 


Galactose ++++  — |! Tyrosine +++4+4, - 
u-Xylose ++++| - Tryptophane +4 ++; _ 
L-Arabinose ++++; — Phenol TPT = 
Sucrose - —  a-Naphthol ++++) - 
Brown sugar + — | Resorcinol ++++ - 
Maltose ++++ > — | Pyrocatechol +444 +! on 
Lactose ++++, — | Pyrogallol +++ + - 
Soluble starch ++++,  — | Salicylic acid tH+t+[++++ 
Glycogen - - Dihydrostreptomycin + _ 
p-Glucosamine ++++; - Penicillin G (benzyl- _ _ 
N-Methyl-1-glucosamine ++++ — penicillin) 

Streptidine — _ 


bony] group and apparently must be glycosidically linked to another group 
(10). 

None of the compounds listed in Table I form maltol under the conditions 
of the test, as is shown by the absence of the characteristic absorption in 
the ultraviolet region. However, the specificity of the estimation of 
maltol by color development is limited by the reagents. The phenol 
reagent is, of course, quite unspecific, reacting with alkali degradation 
products of carbohydrates as well as with phenols. It should be pointed 
out that the N-methyl-L-glucosamine after heating with alkali gives some 
reaction with this reagent and the color formed with streptomycin will 
therefore be a summation of the one due to maltol formation and this side 
reaction. ‘The phenol reagent, because of its unspecific nature, can only 
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be used on clinical samples or after previous separation of the maltol from 
the bulk of the interfering substances. 

The ferric ammonium sulfate reagent is quite specific. It does not 
react with the carbohydrate degradation products and ordinary phenols 
fail to give any color reaction, since the final solution is acid. Acidie phe- 
nols like salicylic acid interfere. The disadvantage of the maltol-ferric 
ion reaction is its relatively low sensitivity. 

The rate of maltol formation from streptomycin at the alkali concentra- 
tion employed depends on the temperature. The maximum amount of 
maltol is formed at room temperature in 6 to § hours, at 65° in 15 minutes, 
and at 100° in 1 minute. No destruction of maltol occurs with the concen- 
tration of alkali used at 100° within 7 minutes and at 65° within 45 minutes, 


TaBLeE II 
Extent of Maltol Formation 


From the molecular extinction coefficients of pure maltol and maltol formed from 


streptomycin. 
Ultraviolet — ae Phenol reagent 
absorption reament color color at 660 
272i m scagTes 
- I a at 540 my Ee 
” / - om 
Maltol ; ‘a SSSO 1040 8300 
‘ from streptomycin ..... 6730 768 8340 
‘* formed per mole streptomycin, moles. 0.76 0.74 0.74* 


* The actual color developed corresponds to 1.01 moles. Correction has been 
made for the color contributed by the alkali degradation product of N-methyl-t- 


glucosamine. (See the text.) 


‘The extent of maltol formation was determined by comparing the molecu- 
lar extinction coefficient of crystalline maltol and of streptomycin after 
heating with alkali, by means of the ultraviolet absorption at 275 my in 
0.1 N hydrochloric acid and the two color reactions (Table II). In every 
case 0.75 mole of maltol is formed per mole of streptomycin. ‘The ap- 
parently higher yield with the phenol reagent is due to the fact that the 
N-methyl-.-glucosamine part of the molecule forms some alkaline degrada- 
tion product which also reacts. If correction is made for this unspecific 
color development, the maltol yield is calculated to be 0.74 mole. 

The reproducibility of the method with either reagent is excellent. 95 
determinations on the standard sample by four different operators at widely 
scattered times agreed within +3 per cent; thirty-four were in error less 
than +1 per cent, twenty-nine less than +2 per cent, and thirty-two less 


than +3 per cent. 
Clinical samples of any potency were assayed at three different levels 
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by each of the two reagents. All six results agreed within the stated limit 
of error of +3 per cent. 

Comparison with Microbiological Assay—The chemical assay values are 
in good agreement with the microbiological assay on clinical samples having 
potencies greater than 450 y permg. ‘The per cent deviation of the micro- 
biological assay from the chemical assay was determined in a series of 80 
samples of clinical preparations of several salts of streptomycin. 67 per 
cent of the chemical assays agree within +5 per cent and 95 per cent 
within +10 per cent with the corresponding microbiological assays. 

Good agreement with the microbiological assay is usually obtained with 
samples of potency below 450 y permg. However, in 20 to 30 per cent of 
these samples the chemical values were 10 to 50 per cent higher than in the 
corresponding microbiological assay. ‘The bioassay values were obtained 
by averaging the results of a relatively small number of determinations 
which varied considerably, and some of the individual bioassays were in 
agreement with the chemical value. If this discrepancy is real rather than 
apparent, it could be interpreted to mean that not all of the streptomycin 
present is active in the biological test, or that in the chemical test inter- 
fering substances are reacting as streptomycin. In order for a substance 
to interfere, it must fulfil the high requirements of specificity previously 
discussed. 


Determination of Streptomycin in Broth and Urine 


The determination of streptomycin in broth and urine is also based on 
maltol formation. The relatively small quantities of streptomycin in 
these fluids require the more sensitive phenol reagent. The unspecific 
nature of the reagent and the presence of pigments necessitate the separa- 
tion of the maltol from the bulk of the interfering materials prior to the 
color reaction. Such a separation is accomplished by extracting the maltol 
from acid solution with chloroform (two extractions with an equal volume 
suffice), and then reextracting from the organic layer with dilute alkali. 

Normal urine and unfermented broth contain small amounts of interfer- 
ing materials which are extracted in such a procedure and which react with 
the phenol reagent. Appropriate blanks, in which the streptomycin is 
removed without changing the quantity of interfering material, correct for 
these substances. Boiling in 1 N hydrochloric acid destroys streptomycin 
rapidly: both microbiological activity and ability to form maltol are lost 
within 5 minutes. In the case of broth an acid-pretreated aliquot can be 
used as an appropriate blank. 

With urine, however, heating with acid hydrolyzes substances such as 
conjugated phenols and liberates considerable quantities of interfering 
material, making this procedure useless. Adsorption by Lloyd’s reagent 
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accomplished the removal of streptomycin from urine without appreciably 
changing the quantity of interfering materials, and pretreatment of an 
aliquot of the urine with this adsorbent was used to obtain the necessary 
blank. 

The amount of the interfering substances can be decreased by about 
one-half if the chloroform layer containing the maltol is washed once with 
an equal volume of a phosphate buffer of pH 7 saturated with sodium chlo- 
ride. No maltol is removed from the chloroform by this step. Such a 
procedure is always necessary in urine, and in broth whenever more than 
1 ml. is used for the assay. 

Certain precautions are necessary in the extraction procedure to prevent 
too low assay values due to the deleterious effect of traces of oxidizing 
agents. The chloroform used for extraction is washed each day, all glass- 
ware is rinsed thoroughly from traces of cleaning fluids, the distilled water 
must be free from chlorine, and the length of time for the assay is limited. 


Determination in Urine 


Reagents 

2 n and 3 N sodium hydroxide. 

20 per cent sodium carbonate. 

Phenol reagent (7), diluted 1:1 with water. 

Lloyd’s reagent (Eli Lilly and Company). 

1.5 N sulfuric acid. 

Phosphate buffer, pll 7, saturated with sodium chloride. To 2 liters 
of 0.2 M secondary sodium phosphate add 28 ml. of 0.1 M citric acid and 
690 gm. of sodium chloride. 

Chloroform, reagent grade. Wash daily in the following manner: once 
with an equal volume of approximately 0.5 ‘ sodium hydroxide and three 
times with an equal volume of distilled water. Dry with anhydrous sodium 
sulfate. 

Procedure—Adjust the urine sample to pH 5.0 to 5.2 with a drop or two 
of glacial acetic acid, shake with an equal volume of chloroform, and 
centrifuge. This initial extraction diminishes emulsions in the subsequent 
procedure, and removes any free phenols. 

Streptomycin is first removed by adsorption to prepare the “blank urine.” 
In a centrifuge tube mix 5 ml. of urine, containing not more than 10007 
of streptomycin per ml., with 500 mg. of Lloyd’s reagent, measured by 
means of a calibrated spoon. Shake vigorously and let stand for 15 minutes 
Centrifuge and use the clear supernatant urine 


with occasional shaking. 
in the blank. 

1 to 3 ml. of the urine containing a total of 50 to 500 y of streptomyein 
(and an equal volume of the blank urine) are diluted to 5 ml. with water 
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in test-tubes. 1 ml. of 3 N sodium hydroxide is added, and the tubes are 
immersed in a boiling water bath for 3 minutes and cooled for 3 minutes. 
The alkaline solution is quantitatively transferred to a 60 ml. separatory 
funnel by using two rinses with 2 ml. of 1.5 N sulfuric acid. Extract 
with 10 ml. of washed chloroform for 15 seconds with vigorous shaking. 
The chloroform layer is transferred to a second funnel and the extraction 
repeated with another 10 ml. of chloroform. The two chloroform extracts 
containing maltol are combined and shaken for 15 seconds with 20 ml. of 
the phosphate buffer, and the chloroform layer is transferred to a third 
separatory funnel. The buffer solution is washed with 5 ml. of chloroform 
which is added to the third funnel. Add 5 ml. of water and 1 ml. of 2.N 
sodium hydroxide to the combined chloroform extgacts and shake the funnel 
for 15 seconds. Most of the chloroform is withdrawn and discarded, and 
the aqueous phase is transferred to a 15 ml. centrifuge tube with a conical 
bottom and centrifuged for 2 to 3 minutes. Pipette 5 ml. of the aqueous 
layer into « test-tube, and add 2 ml. of the 1:1 phenol reagent. dropwise. 
Mix well, let stand | to 2 minutes, add 3 ml. of 20 per cent sodium ecarbon- 
ate, and shake vigorously. After 10 minutes the blue color is read in 
a photoelectric colorimeter at 660 my, the solution obtained from the blank 
urine being used to set the instrument at 100 per cent light transmittance. 
The instrument corrects for the color caused by interfering substances, 
and the blue color due to maltol from streptomycin is measured directly. 

The extraction procedure should be completed in from 20 to 30 minutes. 
Protracted contact causes too low results, owing to the influence of chloro- 
form and oxidizing agents. Thus restrict the operation to four funnels; 
that is, two urines and the corresponding blanks. 


Determination in Broth 


Reagents 

The same as are described under the urine determination. 

|x and7 ~ NaOH. 

0.75 and 5 n hydrochloric acid. 

Procedure Most broth samples contain some antifoam agents which 
we extracted in the procedure and cause the final solution to be cloudy. 
To remove these substances shake 10 to 20 ml. of the broth for | minute 
ina 40 ml. centrifuge bottle with about an equal volume of washed chloro- 
form and centrifuge for 10 minutes. The clear supernatant is used in all 
subsequent operations. 

1 to 3 ml. of the extracted broth containing a total of 50 to 500 y of 
streptomycin is transferred into each of two test-tubes and the volume 
brought to 4 ml. with water. In the one tube streptomycin is destroyed by 
adding | ml. of 5 x hydrochloric acid and immersing the tube in a boiling 
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water bath for 5 minutes. After cooling 3 minutes, add 1 ml. of 7 N sodium 
hydroxide. To the other tube add 2 ml. of 1 N sodium hydroxide and im- 
merse both tubes in a boiling water bath for 3 minutes and cool for 3 
minutes. Transfer the contents of each tube quantitatively to 60 ml. 
separatory funnels, rinsing two times with 2 ml. of 0.75 N hydrochloric acid. 
The subsequent steps of the extraction are exactly the same as for urine. 
If only 1 ml. of broth is used for the determination, the washing of the 
maltol-chloroform layer with the phosphate buffer may be omitted. The 
acid-pretreated sample is used to set the instrument to 100 per cent trans- 
mittance and the untreated broth sample containing streptomycin is read 
against this setting. 

Calibration—The calibration curve is, of course, the same for both urine 
and broth. Solutions containing from 50 to 500 vy of free base of the 


TaBLe III 


Distribution of Maliol and Alkaline Degradation Products of Streptomycin 4 
in Extraction Procedure 





! 
| Found by extraction procedure; 
| phenol reagent 


|Found by direct! oa 


Substance Amount used | procedure | . Albelias i 
| Aqueous phase | tract of chloro- 
form phase 
| Y Y Y 7 

Maltol...... Sestestacheshiveel 30 | 29.7 0.6 31.0 
| 147 | 146 50 104 


Berapeewayede. . ... 2. esc ccceees | | 





standard sample are treated in the usual manner for maltol formation and 
are extracted according to the procedure described. The inactivation of 
the streptomycin by acid or the adsorption to Lloyd’s reagent is unneces- 
sary and the readings are compared to a reagent blank. Beer’s law is 
strictly obeyed. 

The calibration curves with the phenol reagent on an aqueous solution 
of streptomycin directly and after the chloroform extraction are not iden- 
tical. As was previously pointed out, this is due to an alkaline degradation 
product of N-methyl-t-glucosamine, which is not soluble in chloroform 
but does react with the reagent. The figures in Table III clearly show 
that maltol is completely extracted by the procedure and the same eali- 
bration curve applies in this case before or after chloroform extraction. 
In the case of streptomycin, however, the fraction due to the degradation 
of the N-methyl-L-glucosamine remains in the aqueous phase and is about 
30 per cent of the original color value with the phenol reagent. The sen- 
sitivity of the method in which chloroform extraction is employed is there- 
fore about 30 per cent lower than that of the direct method. 
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DISCUSSION 


The specificity for the determination of maltol is increased by the chloro- 
form extraction procedure. The alkaline cleavage products of carbohydrates 
which give the unspecific reactions with the phenol reagent are not soluble 
in chloroform and are therefore excluded. The reagents used to destroy 
or adsorb the streptomycin from the blank solutions do not decrease or 
increase the value of the blank and the readings obtained by difference 
represent streptomycin. Thus a high degree of specificity results from 
the restrictions interposed by distribution and by the structural specificity 


TaBie LV 
Analytical Recovery of Streptomycin from Urine and Broth 





Volume of Streptomycin oe oe Per cent re 
sample addec foun covery 
ml ¥ Y 
Urine, human 1 940 950 101 
2 1 470 45 — 99 
a3 1 376 380 101 
I 188 184 98 
: : 1 141 141 100 
s 1 Of 98 104 
“ 1 47 500} «106 
pe * j 268 280 104 
" 2 268 a 
. 3 268 275 103 
dog 1 268 275 103 
2s ™ 2 536 515 96 
Broth 1 148 153 103 
as ] 148 135 92 
is 1 296 288 97 
is » 


148 143 97 





of the formation of maltol from streptomycin. This is confirmed by the 
following observations. In clinical preparations of very low potencies 
(100 to 250 y per mg.) occasionally the value obtained by the use of the 
phenol reagent is higher than that obtained with ferric ammonium sulfate 
reagent. Furthermore, such samples usually contain larger amounts 
(up to 50 per cent) of material reacting directly with the phenol reagent. 
If such samples are assayed by the extraction procedure for broth, values 
are always obtained which are in excellent agreement with those obtained 
with the ferric ammonium sulfate reagent. 

Recoveries of streptomycin added to both urine and broth were satis- 
factory and are reported in Table IV. 
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Reproducibility—None of the points on the calibration curve deviates 
more than 5 per cent from the best straight line and on the average the 
deviation is less than +3 per cent. The values obtained on samples of 
urine and broth of unknown streptomycin content can be reproduced 
to +10 y. As little as 10 y of streptomycin per ml. of urine or broth will 
be detected by the extraction method, provided 3 ml. are used for the test. 


TABLE V 


Excretion of Streptomycin in Urine of Dogs after Subcutaneous Injection 





Streptomycin Streptomycin Streptomycin 


inject in urine as recovered 
as determined by Time | upi determined by in urine 
Dog No a i _| _ after B= reef 
ection : Renton: | Chem} ; 
Chemie! |Buiegkst| Chemical aie a f ee 
assay assay areay assay assay | pe 
y ¥ hrs. m!. woe oo) > permil.| percent per cant 
779 89,200 102,600 1 117 245 290 32.1 | 33.0 
2 120 183 200 24.6 | 23.4 
3 11 1072 | 1031 | 13.2) 11.0 
4 105 93 135 10.9 | 12.8 
5 78 39 49 6.3 | 5.7 
6 il 192 | 200 | 2.3] 3.1 
Total recovery 89.4 | 89.0 
774 92,900 | 100,600 1 25 1580 1500 | 41.5 | 36.5 
2 86 222 200 20.4 | 16.9 
3 51 174 150 9.5 7.6 
4 97 75 80 8.3 7.7 
5 70 61 60 4.7 4.1 
7 121 21 24 2.7 2.8 
8 55 7 13 0.4 0.7 


87.5 | 76.3 


Total recovery 


Both dogs weighed 10 kilos each. Diuresis was induced by administering 200 
ml. of water the night before the experiment and at 0, 3, and 6 hours. The stated 
amount of streptomycin was dissolved in 1 ml. of saline solution for injection. 


However, rather large percentage errors are to be expected at these very 
low concentrations. 

The application of the streptomycin assay in urine is illustrated in Table 
V by the protocols on streptomycin excretion in catheter urine of dogs 
after subcutaneous injection. The per cent deviation of the values ob- 


1 We are indebted to Mr. 8. 8. Chapman of the Merck Institute for Therapeutic 
Research for assistance in these experiments and for the microbiological assays on the 
urine samples. 
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tained by the chemical and the microbiological assay methods are not re- 
corded, since the microbiological assay in urine is subject to rather wide 
variations due to other urinary constituents. The two experiments pre- 
sented in Table V are representative of the fair agreement between the 
chemical and microbiological assay of streptomycin in urine. 

The question whether dihydrostreptomycin is active in the body as such 
or is converted to streptomycin was decided by the chemical assay in urine. 
Since dihydrostreptomycin fails to form any maltol on heating with alkali, 
it cannot be detected by the method based on maltol formation. A 


Taste VI 
Assay of Streptomycin in Broth 





Chemical assay 





Microbiological assay Volume of broth used per test 
1 ml. 2 mi. 3 ml. 
> per ml ¥ per ml. y per ml. 7 per mil. 

125 103 99 110 
168 167 166 165 
106 127 

98 112 133 

114 120 119 125 
132 157 158 152 
120 130 136 130 
125 126 122 
165 170 185 

73 SO 
105 90 108 
173 200 214 
147 152 158 
130 127 
142 154 
126 132 


10 kilo dog was injected intramuscularly with 100,000 units of dihydro- 
streptomycin dissolved in 2 ml. of saline solution. Urine samples were 
obtained by catheterization at hourly intervals. The streptomycin deter- 
mination in the urine was completely negative, although simultaneous 
microbiological! assays showed that the dihydrostreptomycin was excreted 
asusual. ‘Therefore in the normal dog dihydrostreptomycin is not oxidized 
to streptomycin. 

Table VI gives the results obtained on sixteen broth samples. The 
chemical values on the average are 9 per cent higher than the biological 
values. Four of the chemical values were 0 to 10 per cent lower, eight were 
) to 10 per cent higher, and four were 10 to 20 per cent higher than the 
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corresponding microbiological assays. ‘The extremes of disagreement are 
larger than in the case of the clinical preparations but are within the rea- 
sonable expected range, considering the variation in the microbiological 
assays. The method has also been used to follow the increase of strep- 
tomycin in the nutrient broth during growth of Streptomyces griseus, 
as illustrated in Table VII. 

These methods described for urine and broth are not sensitive enough 
for the assay of streptomycin in blood. A different method with a very 
high degree of sensitivity will be reported in a separate paper. 


Tasie VII 
Increase of Streptomycin in Broth during Growth of Streptomyces griseus 








Duration of fermentation, drs........ | 31 | 37 43 | 50 
ieee oo een x: ee ee 

Microbiological assay, y per ml... eal 14 72 135 | 122 

Chemical assay, y per mil.. ere 18 77 | 130 | 115 


SUMMARY 


A simple and rapid colorimetric method for the assay of streptomycin 
in clinical preparations, urine, and broth is described. The method is 
based on the formation of maltol from streptomycin by the action of alkali 
and the subsequent determination by either the phenol reagent or acid 
ferric ammonium sulfate. 

None of the carbohydrates and amino acids tested interfere under the 
conditions of the reaction. The formation of maltol is specific for the 
center portion of the streptomycin molecule, streptose, which must contain 
an intact carbonyl group and must be glycosidically linked to another 
group. 

The sensitivity of the phenol and ferric reagents is, respectively, 20 to 
250 y and 500 to 2500 y of streptomycin. The method is reproducible 
to +3 percent. Satisfactory agreement with microbiological assay values 
is obtained in clinical preparations. 

In the assay of streptomycin in urine and broth, maltol is separated by 
chloroform extraction from the bulk of the interfering substances prior 
to the color development. Appropriate blanks are obtained by removal 
of streptomycin in urine by adsorption to Lloyd’s reagent or destruction 
in broth by boiling with acid. The chemical assay involving extraction 
is reproducible to +10 y of streptomycin and is in satisfactory agreement 
with the corresponding microbiological value. 

Dihydrostreptomycin is not oxidized to streptomycin in the body of the 


normal dog. 
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16-SUBSTITUTED STEROIDS 
Ill. THE PARTIAL SYNTHESIS OF ESTRIOL 


By MAX N. HUFFMAN 


(From the Department of Biochemistry, Southwestern Medical College, 
Dallas, Tezas)* 


(Received for publication, March 17, 1947) 


Estriol was originally obtained (1930) by isolation from human pregnancy 
urine by Marrian (1) and by Doisy et al. (2). Both Doisy (2) and Marrian 
(3) showed that estriol differed from estrone, another estrogenic hormone 
occurring in gravid urine, in possessing three acetylizable hydroxyl groups 
instead of the one hydroxy] and one carbonyl. Butenand¢ (4) soon (1931) 
proved that estriol might be regarded empirically as the hydrate of estrone 
by demonstrating that the trihydroxy estrogen could be dehydrated to pro- 
duee the ketonic estrogen with the elimination of 1 molecule of water. 
These findings, therefore, indicated that two of the hydroxyl groups in 
estriol were vicinal in position and that one of these vicinal hydroxyl groups 
occupied the same position on the steroid nucleus as that of the carbonyl in 
estrone. Later researches (5), in which many investigators contributed 
significant work, served to elucidate fully the correct structural formulas of 
estrone (I) and estriol (VI). 

Estriol was first prepared from estrone by the author (6) in 1944. It is 
now possible to obtain it in over-all yields in the neighborhood of 25 per 
cent. Exact details for the method are described in this publication. In 
general, estrone (1) is methylated (7) to produce the 3-methyl ether (II), 
and the latter is nitrosated (8) to give the 16-oximino derivative (III). 
The 16-oximino compound is next carried through a Stodola reduction (9), 
and from this reaction there is obtained a crude a-ketol (IV) which may be 
either directly submitted to further reduction or else first purified and then 
reduced to the a-glycol. The reduction to the final carbinol state with pure 
a-ketol results in a mixture of two isomeric a-glycols; however, from this 
mixture estriol 3-methyl ether (V) may be easily obtained by fractional 
crystallization. The synthetic estriol 3-methyl ether is then acetylated, 
demethylated, and finally saponified to produce estriol (V1) itself. 

In this synthesis the salient feature is the use of sodium amalgam in dilute 
ethanolic acetic acid (temperature 40°) as the agent for transforming the 
e-ketol to the a-glycol. Reduction of the a-ketol with hydrogen in the 
presence of a catalyst has always, in our hands, given rise to an isomer (10) 


* A portion of the experimentation described in this publication was done at the 
United States Standard Products Company, Woodworth, Wisconsin. 
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of a 16,17-configuration different from that of the naturally occurring es- 
triol. 

The transformation of estrone to the 3-methyl ether is essentially a 
quantitative reaction (11). Nitrosation of this ether to produce 16-oximino- 
estrone 3-methy! ether was accomplished in 75 per cent yield (11), although 
Litvan and Robinson (8) report an 89 per cent conversion. Reduction of 
16-oximinoestrone 3-methyl ether with zinc and aqueous acetic acid fol- 
lowed by reduction with sodium amalgam (without purification of the 
intermediate a-ketol) resulted in the production of estriol 3-methy] ether in 
46 per cent of the theory. Demethylation was accomplished in 64 per cent 
yield, giving the total over-all yield from estrone the value of 22 per cent. 
Calculated on the basis of Litvan and Robinson’s figure for the nitrosation, 
the over-all result would be 26 per cent. There is good reason for believing 
that this latter figure may be eventually exceeded, as the demethylation 
process with hydriodic acid was only slightly explored. 


EXPERIMENTAL! 
Methylation of Estrone—Estrone 3-methyl ether (II) was prepared as 
previously described (11). 


' All melting points reported are uncorrected. 
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16-Oximinoestrone 3-M ethyl Ether (III)—This derivative was prepared in 
accordance with previous directions (11). 

Zine-Acelic Acid Reduction of 16-Oximinoestrone 3-Methyl Ether—To 279 
mg. of 16-oximinoestrone 3-methyl ether (m.p. 178-180°, with decomposi- 
tion), covered with 10.0 ec. of acetic acid plus 0.6 cc. of water, was added 
0.80 gm. of zine dust, and the resulting mixture was swirled in a bath main- 
tained at 45° until solution of the steroid derivative was complete. Then 
9.4 ec. of water were added and the solution refluxed for 1 hour 10 minutes 
and cooled to room temperature. The aqueous acetic acid solution was 
decanted from the zinc, and the latter washed with 100 ce. of benzene. To 
the combined aqueous acetic acid-benzene solutions were added 80 cc. of 
1.5 N sodium hydroxide and 200 cc. of ethyl ether. After having been 
partitioned and separated, the organic phase was washed successively with 
0.5 n hydrochloric acid, with 5 per cent sodium bicarbonate, and with water. 
Evaporation of the ethereal solution yielded a crystalline product which, 
after treatment with charcoal, was recrystallized once from cyclohexane and 
once from aqueous ethanol to give 207 mg. of needles melting at 164-165°. 
Another treatment with charcoal and recrystallization from aqueous ace- 
tone raised the melting point to 167-168° (203 mg.). Further recrystal- 
lization from aqueous methanol and from aqueous acetone did not alter this 
melting point. 

Analysis*—C,9H2O;. Calculated. C 75.97, H 8.05 


Found. (a) “ 75.76, “‘ 8.08 
(b) “* 75.77,“ 7.97 


This compound (LV) is undoubtedly identical with the a-ketol (11) (m.p. 
162-163°) formed from the titanium trichloride reduction of 16-ketoestrone 
3-methyl ether. A mixture of the two ketols gave a sharp melting point of 
165-166°. The present a-ketol (m.p. 167—168°) also gave an oxime (11) 
which melted at 197—198°, with decomposition. 

Reduction of a-Ketol Methyl Ether (IV) with Sodium Amalgam—-A solu- 
tion of 800 mg. of a-ketol methyl ether (m.p. 165-166.5°) in 100 ec. of 
ethanol and 10 ce. of acetic acid was carefully maintained at 40° (water 
bath), and 200 gm. of freshly prepared sodium amalgam (2 per cent) were 
added in small pieces with efficient swirling. Before all of the amalgam had 
been added a precipitation of sodium acetate occurred, and at this point 
an additional 10 cc. of 50 per cent acetic acid were added. After all the 
reducing agent had been placed in reaction, the mixture of mercury and 
solution was transferred to a separatory funnel with ether and water. The 
mercury plus aqueous phase was separated, after partitioning, from the 


* All analyses in this publication were performed by Dr. E. W. D. Huffman, 
Denver. 
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ether; the latter was washed with water, with 0.5 N sodium hydroxide, and 
again with water. Evaporation of the ethereal phase yielded a crystalline 
residue which was recrystallized twice from acetone-petroleum ether and 
once from aqueous ethanol to give 431 mg. of tiny leaves (V) melting at 
160-163.5°. A subsequent recrystallization from absolute acetone raised 
the melting point to 161.5-164° (370 mg.). 

Acetylation of « small portion of this glycol (m.p. i61.5-164°) gave the 
diacetate as small flat needles melting at 142.5-143°. Marrian (12) reeords 
the melting point of estriol methyl ether as 162.5-164° (corrected) and that 
of estriol methyl ether diacetate as 140—142° (uncorrected). 

Analysis—C2;H;00;. Calculated. C 71.48, H 7.83 


7 
Found. (a) “ 71.54, ‘* 7.80 
(b) “* 71.47, “ 7.89 


A sample of the synthetic diacetate on admixture with authentic estriol 
3-methyl ether-16, 17-diacetate (m.p. 140.5-141.5°) showed a melting point 
of 140.5-141.5°. 

Transformation of 16-Oximinoestrone 3-Methyl Ether to Estriol 3-Methyl 
Ether without Purification of Intermediate a-K etol—According to the method 
just described 1.097 gm. of 16-oximinoestrone 3-methyl ether were reduced 
with zine and acetic acid (3.0 gm. of zine dust, 66 ec. of 50 per cent acetic 
acid, a 1 hour reflux), and the neutral steroid isolated. The yield was 0.926 
gm. of crystalline material with a slightly yellow color. Reduction of this 
crude a-ketolic material with sodium amalgam by the procedure presented 
above (116 ce. of ethanol, 13 ec. of acetic acid, 250 gm. of 2 per cent sodium 
amalgam, temperature 40.0-40.5°; finally 10 ec. of 50 per cent acetic acid) 
vielded 0.488 gm. of estriol 3-methyl ether melting at 158—160° (46 per cent 
yield). 

Demethylation of Estriol 3-Methyl Ether—To a solution of 155 mg. of syn- 
thetic estriol 3-methyl ether in 3 ec. of pyridine were added 3 cc. of acetic 
anhydride; the phases were mixed well and left 48 hours at room tempera- 
ture. The diacetate was then precipitated by the addition of cold water, 
and, after having been allowed to stand several hours, filtered, washed well 
with water, and dried in vacuo. 

The dry diacetate was then dissolved in 5 cc. of warm acetic acid, 5 ce. ol 
freshly distilled hydriodic acid (sp. gr. 1.7) were added, and the solution of 
diacetate methyl ether refluxed at once over a free flame. After exactly 5 
minutes refluxing 100 cc. of cold aqueous sodium bisulfite were added and 
the resulting phases mixed well. After precipitation had become complete 
(ice box), the crystalline steroid was filtered, washed with aqueous sodium 
bisulfite, and then washed well with water. The residue was dried in vacuo. 

The demethylated estrogen was then dissolved in 25 ee. of ethanol (room 








ee 





e_ Ore SFO 


n 
) 
t 





ee ee 


M. N. HUFFMAN 171 


temperature) and a small spatula end of sodium hydrosulfite added. To 
the alcoholic solution were next added, for purpose of saponification, 25 ce. 
of 1 n sodium hydroxide, and the latter was mixed in with rapid swirling. 
The resulting solution at first became colored a deep yellow but soon turned 
almost colorless. After 24 hours saponification at room temperature, the 
ethanolic alkali was added to 250 cc. of 5 per cent sodium bisulfite contain- 
ing 2.1 ec. of concentrated hydrochloric acid, and the resulting voluminous 
precipitate extracted with 500 cc. of ethyl ether. The ether, after having 
been partitioned and separated from the aqueous phase, was washed once 
with 250 cc. of 5 per cent sodium bisulfite, twice with 200 ce. portions of 0.5 
x sodium hydroxide, and twice with water. Evaporation of the ether gave 
an almost negligible amount of material which was discarded. The com- 
bined sodium hydroxide phases (400 cc. of 0.5 N), the bisulfite and water 
washings having been discarded, were acidified with concentrated hydro- 
chloric acid and extracted with 500 cc. of ethyl ether. This ether, after 
separation from the aqueous acid phase, was further washed with bicar- 
bonate and with water; a nicely crystalline residue resulted on its evapora- 
tion. The crystalline residue (after treatment with charcoal) was 
recrystallized once from aqueous ethanol to give 62 mg. of estriol (m.p. 
266-267°). Reerystallization from acetone-cyclohexane, from aqueous ace- 
‘tone, and from aqueous methanol raised the melting point to 268.5-270°. 
A mixed melting point performed with authentic estriol (m.p. 268.5-269.5°) 
showed 269-269.5°. 


Analysis—C;sH2O;. Calculated. C 74.97, H 8.39 
Found. (a) ‘* 74.80, ‘' 8.46 
(b) “ 74.76, “* 8.51 


A repetition of this demethylation procedure, in which a larger amount of 
estriol 3-methyl ether (260 mg.) was employed, gave a better yield of estriol 
(64 per cent). 


SUMMARY 


The partial synthesis of estriol is described in detail. From estrone it is 
possible to prepare estriol 3-methyl ether in 35 to 41 per cent yield, and 
estriol itself in 22 to 26 per cent over-all yield. 


The author wishes to thank Mr. William R. Miller for technical assistance 
in a portion of the experimentation described in this publication. To Dr. 
D. W. MacCorquodale of the Abbott Laboratories, who supplied a generous 
sample of pure estriol, the author is particularly indebted. He is sincerely 
grateful to the United States Standard Products Company for financial 
support of this research. 
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The determination of carbon dioxide in small (12 ¢.mm.) samples of 
blood by the syringe method requires vacuum extraction (1). This 
technique has been improved by Lilienthal and Riley (2) and by technical 
developments in this laboratory, so that the carbon dioxide determination 
is now quite simple to perform. With slight amplification of the technique 
it is also now possible to carry out determinations of carbon dioxide and 
oxygen in a single sample of blood. The combined method can be learned 
readily and offers a considerable increase in the range of usefulness of 
the syringe analyzer, inasmuch as it also permits the analysis of blood 
from birds, reptiles, amphibians, and fishes, which hitherto has been 
extremely difficult or impossible to handle with the syringe analyzer. 

The accuracy of the combined analysis, as controlled against analyses 
by the method of Van Slyke and Neill (3), is +1 ec. of gas in 100 ce. of 
blood. The accuracy of oxygen determination in mammalian blood is 
even better, but cannot equal the accuracy of determination of oxygen 
alone in the larger samples used in the simple method for oxygen determi- 
nation described by Roughton and Scholander (4). 

Apparatus— 

1. The syringe analyzer is that described by Scholander and Roughton 
(5). The syringe has been modified to make it easy to hold the plunger 
out during the vacuum extraction by providing a notch in the plunger 
which engages a spring steel clip. To cut the notch draw the plunger out 
0.8 ec., and mark it 3 to 4 mm. past the syringe barrel. Cut the notch 
in the plunger with a triangular medium or fine India oil stone straight 
below the number of the plunger, slanting the stone so that the spring clip 
will not disengage the notch during vacuum extraction. 

2. Plastic-lipped wire plug (Fig. 1, A), to seal the capillary during vacuum 
extraction. The tip is fashioned from a piece of 1.5 to 2mm. plastic cord’ 
by rotating and gently heating it in front of a micro flame, and pulling 
it apart when the plastic becomes soft. The pointed tip so formed is cut 


1Transflex rodding, Irvington Varnish and Insulator Company, Irvington 11, New 
Jersey. 
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off to a length of 2 to 3 mm., pierced straight with a gage No. 24 syringe 
needle, and threaded onto a ? to 1 mm. steel wire which is bent as illus- 
trated. A rubber band attaches the wire plug to the syringe barrel, as 
shown in Fig. 1. 

3. Wire clip (Fig. 1, B), to give the plunger a suitable friction and to 
hold the plunger out during vacuum extraction. A 6 to 7 mm. wide 
ring is cut off from a piece of thick walled rubber tubing and is slipped 
firmly onto the syringe. A straight angle bow of 0.4 to 0.5 mm. of music 
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Fie. 1. Capillary syringe and sling for the combined CO, and O, method. A, 
plastic-tipped wire plug; B, wire clip stuck in section of rubber tubing; C, sling 
handle; D, cradle for fastening the syringe analyzer 


wire, wide enough to slip over the syringe collar, is stuck straight through 
the rubber tubing. With the clip engaged in the plunger notch, the end 
of the plunger should read 80 (0.8 ce.). 

4. Hand sling for the syringe, for whirling down liquid bridges in the 
capillary and for breaking up bubbles in the syringe. The sling is 4 em. 
wide by 50 em. long, made from 1.5 mm. of sheet aluminum. It can be 
whirled around a handle (Fig. 1,C). The other end is bent out at a straight 
angle. It is furnished with a plastic cradle (Fig. 1, D) which carries 4 
screw hook padded with rubber tubing for fastening the syringe, as seen 
in Fig. 1. 
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Blood Sample——F or the general technique in handling the biood see the 
paper on oxygen determination by the syringe technique (5). If the blood 
supply is very scant, it may be necessary to handle samples in the smallest 
possible syringe with a minimum amount of dead space for the heparin- 
fuoride solution. Such a syringe can easily be prepared from a 0.25ce. 
tuberculin syringe which is provided with a wire brake applied to the 
plunger as described (Fig. 1, B), to give proper friction to the plunger. 
The nozzle of the syringe is preferably ground down straight on a piece 
of emery paper to a | or 2 mm. short stub and the capillary opening is 
ground slightly funnel-shaped by means of a conical steel rod and a little 
emery powder. It will then fit the pipette tip perfectly. A short syringe 
needle of the correct gage to fit snugly into the bore of the nozzle is broken 
near its nipple, ground square at the broken end, and stuck into thesyringe 
nozzle, where it is sealed in position with a drop of beeswax. 

After the blood is drawn into the syringe, it is followed by a drop of 
mercury to be used for mixing the blood. The needle is detached from the 
nozzle, the wax is scraped off, and the blood can now be delivered directly 
into the blood pipette. Between analyses the blood syringe is sealed 
off with a drop of hot wax on the cut off nozzle and is stored in ice water. 

The blood pipette can be the pipette described in the first report on 
the syringe analyzer (4), with ground tip, or any similar smaller pipette. 
The tip must be ground conical so as to fit the cup of the syringe analyzer. 
This is easily done by rotating it with wet fine carborundum powder in a 
small conical depression drilled or punched in a metal plate. As the blood 
is measured in the graduated capillary of the syringe analyzer, the pipette 
needs no calibration. 

Principle of Method—V¥erricyanide solution and caprylic alcohol are 
pre-extracted in the syringe to remove dissolved gases. The blood sample 
is laked in the ferricyanide in the syringe, driving oxygen from the chemical 
combination into physical solution. Acid buffer is then added to release 
the CO,.. The solution is vacuum-extracted in the syringe by closing the 
apillary with a plastie-tipped wire plug and pulling the plunger out to 
a position fixed by a spring clip engaging a notch in the plunger. The 
syringe is whirled in the hand sling to clear the capillary from liquid 
bridges and to break up bubbles in the blood solution. The vacuum 
is released by letting in the plunger, and the volumes of gas are measured 
in the graduated capillary before and after each successive absorption 
with alkali and alkaline pyrogallol. The differences between measure- 
ments (less blanks to correct for air bubbles introduced and dissolved 
gases in the reagents), multiplied by an adjustment factor to standard 
temperature and pressure, give the ec. of CO, and Oz in 100 ce. of blood. 
Reabsorption of CO». during the compression is checked by using an acid 
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buffer of low CO: solubility, by eliminating bubbles in the syringe, and by 
providing a capillary well drained by centrifugation for the gas to escape 
into while it is still at a low pressure. 

Reagenis— 

1. Glycerol-aquaresin mixture,” made by mixing equal parts of the 
two reagents. This is stored in a 2 cc. syringe with a No. 20 needle, 
the tip of which has been ground off square. 

2. Ferricyanide solution. 1 gm. of potassium ferricyanide, K;Fe(CN),, 
and 0.25 gm. of saponin are dissolved in 10 ce. of distilled water, and 0.1 ee. 
of acid-phosphate buffer is added to the solution. 

3. Caprylic alcohol. 

4. Acid-phosphate buffer. 95 gm. of acid-sodium phosphate, NaH,- 
PO,-H.,O, are dissolved in 100 cc. of distilled water to make an 
almost saturated solution. 

5. Distilled water. 

6. 10 per cent NaOH. 

7. Pyrogallol solution. 15 gm. of powdered pyrogallol are added to 
100 ec. of 20 per cent NaOH in a rubber-stoppered bottle, and the solution 
is covered with a layer of oil 2 em. thick. The pyrogallol is dissolved by 
stirring with a glass rod passing through the oil. 

Reagents 2 to 7 are kept for current use in 2 or 5 cc. syringes with glass 
tips attached through rubber tubing. 


Procedure 


For CO, and O.—1i. Remove the plunger from the syringe, rinse it well 
with hot water, and dry by suction. ‘This is easily done by attaching a 
small glass tube to the vacuum line and inserting this tube to the bottom 
of the barrel, so that air is pulled through the warm capillary and barrel. 

2. Introduce a drop of glycerol-aquaresin into the barrel opening. 
Lubricate the dry plunger with a few streaks of the glycerol solution 
and return it to the barrel, adding enough of the solution so that no 
air is carried in with the plunger. Unless the plunger is moved gently 
in the barrel, the latter may break because of the viscosity of the glycerol 
solution. When the plunger strikes the bottom, the glycerol solution 
should rise only a few mm. in the capillary. 

3. Fill the cup with ferricyanide, draw down into the barrel, and expel 
it without trapping air bubbles. Remove the excess, leaving only the 
dead space filled with ferricyanide. 

4. Place a drop of caprylic alcohol on top of the ferricyanide. Draw 
down 2 scale divisions of the alcohol; suck out the remainder. Draw 


? Aquaresin is obtainable from the Glyco Products Company, Inc., New York. 
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out the plunger until the fiuid meniscus is lowered 1 to 2 mm. into the 
capillary. 

5. Seat the plastic-tipped wire plug in the cup, trapping a small air 
bubble on top of the caprylic alcohol. The rubber band must be strong 
enough to keep the capillary firmly closed by the plastic tip. Add a 
little ferricyanide in the cup to complete the seal. 

6. Pull the plunger out slowly until the spring clip engages the notch 
in the plunger. Add glycerol-aquaresin solution around the plunger 
bearing. If the caprylic alcohol stays in the capillary, it may be moved 
down into the barrel by warming the capillary behind it in the hand. 
Allow a few seconds for extraction and release the vacuum by letting 
the plunger in. Expel the bubble and repeat the extraction. 

7. Lower the meniscus of the extracted fluid 1 to 2 mm. into the capil- 
lary. Place the tip of the blood pipette firmly against the bottom of the 
cup, trapping a small (0.5 to 1 division) air bubble between the blood and 
the extracted fluid. Draw the blood slowly in until the length (A;) 
of the air bubble can be measured. Continue to draw blood in very 
slowly and evenly until 28 to 29 divisions have entered. Remove the 
blood pipette, suck off excess blood, adjust the upper blood meniscus 
to the zero mark, and read the volume of the blood sample:b divisions. 
With practice the blood volume can be made very close to 30 divisions. 

8. Fill the cup to the mark with acid-phosphate solution, leaving 
a small (0.5 to 1 division) air bubble between the buffer and the blood. 
Draw slowly in until the length (A_) of the air bubble can be measured. 
Turn the syringe cup down and continue to draw in phosphate buffer 
slowly and evenly until the bubble reaches the junction of the capillary 
with the syringe barrel, preventing the acid from entering the syringe 
barrel. 

9. Rotate the syringe on an oblique axis, cup down, until the blood is 
completely laked to a uniform dark brown color by the ferricyanide- 
saponin solution. If more than a trace of acid buffer enters the blood 
ferricyanide-saponin solution, the blood will not lake properly and the 
oxygen will not be completely released from the hemoglobin. 

10. Hold the syringe cup up. Draw in the remainder of the acid- 
phosphate solution and close the capillary with the plastic-tipped wire 
plug, trapping a small air bubble (0.5 division or less) underneath.  Esti- 
mate the length of this bubble (A;). Add a drop of acid buffer to the 
cup to complete the vacuum seal. 

11. Pull the plunger out slowly so that the capillary drains properly 
when the small bubble underneath the plug expands. Continue until 
the plunger notch engages the clip. Add the glycerol solution around 
the plunger bearing. 
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12. Attach the syringe to the sling as illustrated. It is necessary 
that the plunger head should rest against the bent end of the sling. Whirl 
the blood solution down to the bottom of the syringe and tilt back and 
forth several times to have the liquids well mixed. Whirl the sling again 
for about 30 seconds. The capillary should be clear of bridges and the 
blood solution free of bubbles. Avian, reptilian, amphibian, and fish 
blood make a very viscous solution, which may make it impossible to 
get rid of bubbles completely. If the volumes of these vacuum bubbles 
are insignificant compared with the total vacuum space in the syringe, 
they will not affect the result. 

13. Remove the syringe from the sling without touching the capillary, 
Hold the cup up. Release the plunger stop and move the fluid quickly 
up into the capillary until atmospheric pressure is almost reached. 

14. Without delay remove the plug and adjust the upper gas meniscus 
to the zero mark and read the volume (V,) of the gas bubble. Since 
the capillary has not been handled at any time, there is no necessity for 
temperature equilibration in a water bath. Delay and fumbling in Steps 
13 and 14 result in some reabsorption of COs. 

15. Fill the cup with water. With the syringe held cup up pull most 
of the water down into the syringe, where it will form a layer on top of 
the heavy blood solution. Immediately return the bubble to the capillary, 
leaving water behind it on both sides of the gas in the capillary. Owing 
to absorption of CO, by this washing the bubble is now much shorter. 

16. Remove the excess water; fill the cup with NaOH. Invert the 
syringe, run the gas bubble out into the alkali, and rotate a few times 
to facilitate absorption. Draw some alkali into the capillary and 
then the gas bubble. Measure its volume (V2). 

17. Remove NaOH from the cup and fill with pyrogallol solution. 
Run the bubble out into the cup and absorb as in the previous step. Re- 
turn the bubble to the capillary and read the volume; record and designate 
it Vs; in calculations. 

18. Remove the plunger gently from the barrel under the water faucet. 
Shake out the contents of the barrel and wash with running tap water 
several times before the plunger is again inserted. It is recommended 
that dichromate cleaning solution be used after each analysis to insure 
that no protein remains sticking to the capillary. While the syringe 
is still hot, dry it by suction, as described in Step 1. 

For CO.—If carbon dioxide alone is desired, follow Steps 1 to 3, but 
substitute for ferricyanide water freed from CO, by boiling with a drop 
of H.SO;. In Step 4 omit the ecaprylic alcohol. Proceed to Step 7, 
which is followed through, omitting the measurement of the air bubble 
which separates the blood from the acidulated water. Add 2 divisions 
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of caprylic alcohol on top of the blood, and immediately on top of the 
aleohol a cup full of acid-phosphate buffer. Draw in the acid and close 
the capillary, as in Step 10. Follow Steps 11 through 16. Calculations 
are as for the combined method. 


Calculations 


CO.—-Volumes per cent of CO, in blood = (Vi— V2—e1) & f XK 100/b X 7. 
c¢, is the blank correction for the COz content of the reagents. It is 
determined by running an analysis with all the reagents, but no blood. 
In our hands it is 0.1 capillary division. f is the factor for adjusting 
gas volumes from the observed temperature, barometric pressure, and 
water vapor to their dry volumes at 0° and 760 mm. (see Table I). b is 
the blood volume in terms of divisions of the capillary. 7 is the combined 
correction factor for the incomplete extraction of CO, and for the CO, 


TaBLe I 


Factors for Reducing Volume of Moist Gas to Volume Occupied by Dry Gas 
at 0° and 760 Mm. of Hg* 








Hg nn re Je ee eee ee eee 
mm. | 

750 0.91 0.90 0.90 | 0.89 0.88 | 0.87 
755 0.92 0.91 | 0.90 | 0.89 0.88 | 0.87 
760 0.93 0.92 | 0.91 | 0.90 0.89 | 0.88 
765 0.93 0.92 0.91 0.9 | 0.89 | 0.89 


| 


* Abbreviated from Peters and Van Slyke (6) (Table XV, p. 129). 





reabsorbed by the solutions. It was found to average 1.015, which is the 
same figure as that determined in the syringe method for CO, in blood (1). 

0:—Volumes percent of O2 in blood = (V2—V3—c2—a) X f X 100/b X 7. 
¢ is the blank correction for the O. contents of the reagents used. In 
our hands it is 0.2 capillary division. a is the O2 content of the air bubbles 
introduced during analysis in order to separate reagents. a = 21 per 
cent (Ay + Ae + As;). f is the factor for the adjustment of moist gas 
at observed temperature and barometric pressure to the dry condition 
at 0° and 760 mm. (see Table 1). i is the combined correction factor 
for the incomplete extraction of O2 and for the reabsorption of O2 by the 
solutions. It was found to average 1.011. The 7 factor was obtained 
as the average of the factors by which the results with the syringe (in 
other respects corrected) must be multiplied to equal the results of the 
Van Slyke analysis. 

Accuracy of Results—KEstimations of the CO, and O: content of blood 
by the combined method were checked against determinations by the 
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Van Slyke and Neill manometric method (3). 


series of determinations on mammalian blood samples = 


II. 


Taste II 
CO, and O, Content of Mammalian Blood Determined by Syringe and by 


Van Slyke 


Method 


The resuilis of a consecutive 


The values are given as volumes of gas in 100 volumes of blood. 


COs, syringe, 


12 c.mm. cc. 
Venous blood, man 55.3, 56.6 57.4, 57.5 
56.7, 56.3 57.7 


57.0, 56.7 


iy ae 


Aerated 
30.5, 31.1 
Arterial blood, rabbit 
45.4, 45.3 
45.1, 43.7 
45.4 








TABLE 


29.7, 29.3 29. 
29.6, 31.1 29. 


45.1, 45.3 | 45.: 


Ill 


| COs, Van Slyke, | 
1 


On, syringe, 


12 c.mm. 
6.4, 6.4 
5.8, 6.4 
6.1, 5.8 
22.4, 22.6 
22.6, 21.4 
22.5, 22.0 
12.0, 11.8 
13.0, 12.1 
12.5, 12.4 
12.1 


re given in Table 


Os, Van Slyke, 
1 ce, 


—————— 


5.6, 5.6 


CO, and O; Content of Avian and Fish Blood Determined by Syringe and by 


Van Slyke 


Method 


The values are given in volumes per cent. 





CO:, syringe, | COr 


12 c.mm. 


| 


Venous blood, duck 37.9, 39.7 39. 











, Van Slyke, 


1 cc. 


7 7, 39.5 
39.4, 39.9 39.3 
Aerated “ 6 20.3, 20.3 20.7, 21.1 
21.1, 20.5 21.1 
20.8 
Heart 254 carp 29.4, 29.6 299.9. 30.5 
Biche 24-0 
29.7, 30.5 
30.1 
Aerated ‘“ " 19.9, 18.2 | 18.4, 18.6 
19.3, 20.0 | 
18.4, 18.0 | 
18.7 








Os, syringe, 
12 c.mm, 


11.0, 10. 
11.0, 11. 
11.0, 11. 
11.1 


o— @ 


Os, Van Slyke, 
i ce, 





15.6, 15.4 


16.3 
20.6, 20.2 
19.7 
9.7, 5.4 


12.0, 12.0 


Out of nineteen consecutive carbon dioxide determinations in mammalian 
blood by the syringe method fifteen are within +1 per cent of the standard 


value. 
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Out of nineteen consecutive oxygen determinations in mammalian blood 
fifteen are within +-0.6 per cent of the standard value, and all theresults 
are Within +0.7 per cent. 

The combined method was also applied to the determination of CO, 
and O, in the blood of birds and fishes. The results of a consecutive 
series of determinations are given in Table III. 

Out of twenty-three carbon dioxide determinations in avian and fish 
blood by the syringe method nineteen came within +1 per cent of the 
standard value. 

Out of twenty-three oxygen determinations in avian and fish blood 
twenty came within +1 per cent of the standard value. 


SUMMARY 


The syringe analyzer method of Scholander and Roughton is adapted 
for the determination of the CO2 and O, content of a single sample of blood. 
0. is released from chemical combination by ferricyanide and CO: is evolved 
by the addition of acid-phosphate buffer. The gases are vacuum-extracted 
in the syringe, selectively absorbed, and measured in the capillary. The 
volume of blood required for a determination is 12 ¢.mm. The accuracy 
for both gases is within +1 per cent for mammalian, bird, and fish blood. 
The time necessary for an analysis is 15 to 20 minutes. 


The authors wish to acknowledge the aid in this research of a grant 
from the Rockefeller Foundation. 
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Esterification of inorganic phosphate coupled to the oxidation of fumarate 
or malate in tissue suspensions has been repeatedly demonstrated (1-4) 
Kalckar (2) and Leloir and Mufioz (4) have shown that during the oxidation 
of malate or fumarate a phosphate ester having the properties of phos- 
phopyruvic acid is formed. In explanation of these data, Lipmann (5) 
has suggested that fumarate combines with inorganic phosphate to form 
an intermediate phosphorylated ester, namely phosphomalic acid, which 
is then postulated to undergo oxidation to phosphoenoloxalacetate. De- 
carboxylation of the latter would yield phosphopyruvate. Solomon 
et al. (6), have concluded that such a mechanism for phosphopyruvate 
synthesis would account for observed isotope distribution in their study 
of glycogen formation from lactate. The esterification of phosphate 
during malate or fumarate oxidation may also have considerable signif- 
icance in view of the fact that oxalacetate can act as an intermediate 
hydrogen acceptor for as many as 8 of the 12 hydrogen atoms released 
in the oxidation of 1 molecule of triose phosphate (7). 

In view of the general importance of these suggestions it appeared that 
study of the esterification mechanism might be aided if the hypothetical 
intermediate were available. This paper deals with the synthesis and 
properties of the optical isomers of phosphomalic acid, the intermediate 
postulated by Lipmann. 

Several attempts to phosphorylate malic acid with phosphorus oxy- 
chloride by the method used by Wagner-Jauregg (8) in the preparation of 
phospholactic acid failed. This approach was abandoned when it became 
evident that the main product of the reaction was inorganic pyrophosphate. 
An attempt to phosphorylate malic acid directly with diphenylphosphoryl 
chloride by the method of Brigl and Miiller (9) was also unsuccessful, 
the main product of the reaction being diphenylphosphoric acid. How- 
ever, it was found that diethyl malate in pyridine could be readily phos- 
phorylated with diphenylphosphory! chloride at room temperature. The 
phenyl groups were then removed by hydrogenolysis in the presence of 
platinum oxide catalyst, and the resulting diethyl ester of phosphomalic 


* This investigation was supported in part by a grant from the Albert and Mary 
Lasker Foundation, Inc., and the Sidney and Frances Brody Foundation. 
t National Institute of Health Research Fellow. 
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acid was saponified by dilute alkali at 38°. The barium salt of phospho- 
malic acid was precipitated from an alkaline medium, freed of inorganic 
phosphate with magnesia mixture, and purified by reprecipitation. The 
over-all yield was approximately 50 per cent of theory. 

Barium phosphomalate is only slightly soluble in water but quite soluble 
in acid. The ratio of barium to phosphomalic acid in the precipitated 
salt depends on the conditions of precipitation. Precipitation of the barium 
salt from a distinctly acid solution by addition of 6 volumes of ethanol 
yields a salt containing 1.3 moles of barium per mole of phosphorus, whereas 
precipitation at pH 8.5 without addition of alcohol yields a compound 
with a Ba:P ratio of 1.8 to1.9. A ratio of 1.96 is attained by precipitation 
of the barium salt at pH 10. Other analytical data show that the Ba:P 
ratio is an indication of the relative amounts of monobarium and dibarium 
phosphomalate present in the salt. 

Crystalline brucine salts of d- and dl-phosphomalic acid were obtained. 
Insoluble lead and silver salts were also prepared but were not investigated 
further. 

Phosphomalic acid is fairly stable to 1 N H2SO, at 100° and to alkali at 
room temperature. It is readily hydrolyzed by the acid phosphatase 
of human seminal fluid. 


EXPERIMENTAL 


Diphenylphosphoryl Chloride—Diphenylphosphoryl chloride was pre- 
pared by the method of Brigl and Miller (9) and redistilled at 209-212° 
(24 to 25 mm.). 

Diethyl l-Malate—I-Malic acid was esterified by the method of Fischer 
and Speier (10). The rotation of the ester was [a]?4 = —15.9° (0.6304 
gm. in 10.00 ml. of acetone) as compared with a value of —14.16° reported 
by Walden (11). 

Diethyl-l-diphenyl Phosphomalate—To 16.62 gm. of diphenylphosphoryl 
chloride in 11 ml. of dry pyridine were added 11.75 gm. of diethyl /-malate 
in 6 ml. of pyridine. Crystals of pyridine hydrochloride appeared im- 
mediately in the reaction mixture. Although heat was evolved, cooling 
was not necessary. 9 ml. of pyridine were used as a wash to complete 
the addition of diethyl malate. The reaction mixture was allowed to 
stand at room temperature for 28 hours. Water, 100 ml., was then added 
andthe pH was adjusted to 8.0 by the addition of 7.5 ml. of 9.8 n NaOH. 
The two phase mixture was extracted with three portions of ether (total 
volume, 200 ml.). The ether extract was washed with four portions of 
0.5 N H.SO, (total volume, 200 ml.), and three portions of water (total 
volume, 150 ml.). The washed ether extract was then taken to dryness 
in vacuo. Ethanol was added after evaporation of the ether and the solu- 
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tion was again taken to dryness. After several such additions of ethanol, 
the oil residue was dried in a vacuum oven at room temperature for 20 
hours. The yield was 22.46 gm., or 86 per cent of theory. The rotation 
was [a]24 = —6.49° (0.5931 gm. in 5.00 ml. of acetone). 


Analysis—CyH2,03P. Calculated, P 7.35; found, P 7.31, 7.38 


Diethyl l-Phosphomalate—Hydrogenolysis of diethyl [-diphenyl phos- 
phomalate was accomplished by the method of Brigl and Miller (9). 
1.6746 gm. of diethyl l-diphenyl phosphomalate in 50 ml. of ethanol were 
hydrogenated at room temperature and atmospheric pressure in the pres- 
ence of 155 mg. of* platinum oxide catalyst. At the end of 4 hours the 
uptake of hydrogen had completely ceased. The uptake was approxi- 
mately 860 ml. as compared to a calculated uptake of 840 ml. The ethanol 
solution was filtered and evaporated in vacuo. The oil residue was taken 
up with a small amount of ethanol and neutralized with alkali, requiring 
75.9 ml. of 0.1 N NaOH, or 95.5 per cent of theory. Water was added 
to 100 ml. 

Saponitfication of Diethyl l-Phosphomalate—To a 10 ml. aliquot of 
diethyl disodium /-phosphomalate, representing the hydrogenolysis product 
of 0.1675 gm. of diethyl /-diphenyl phosphomalate, were added 1.0 gm. 
of barium acetate in 5 ml. of water and 10 ml. of 0.1 N NaOH. The barium 
salt of phosphomalate gradually precipitated as the saponification pro- 
ceeded. The mixture was allowed to stand overnight at room temperature. 
It was then adjusted to neutrality by the addition of 2.18 ml. of 0.1 N 
HCl. Thus 0.78 milliequivalent of alkali was used for the saponification 
of the diethyl ester, or 99 per cent of theory. A separate 25 ml. aliquot 
showed an uptake of 2.04 milliequivalents of alkali, or 101 per cent of 
theory. This method of saponification was therefore quantitative and was 
employed in the preparation of larger batches of barium /-phosphomalate. 

Barium l-Phosphomalate—The hydrogenolysis product of 2.01 gm. of 
diethyl /-diphenyl phosphomalate was neutralized with 97.3 ml. of 0.1 N 
NaOH. ‘To the solution were added 2.7 gm. of barium acetate and 120 ml. 
of 0.1 N NaOH. The solution was allowed to stand overnight at 38°. The 
barium precipitate was combined with that of a duplicate batch and 
centrifuged. The barium salt was dissolved in 125 ml. of water with the 
addition of 2.8 ml. of 12N HCl. The barium salt was then precipitated by 
adding 10 n NaOH to pH. 8.5. After centrifugation the barium salt was 
redissolved and reprecipitated two more times as described above. It was 
finally washed by three resuspensions in 50 ml. portions of water. After 
two suspensions in absolute alcohol, the barium salt was centrifuged and 
dried in vacuo for 24 hours at 60°. The weight of the salt was 3.51 gm., 
a yield of approximately 70 per cent of theory. 
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Purification of Barium |-Phosphomalate—To 2.7 gm. of powdered barium 
l-phosphomalate were added 43 ml. of 0.5 Nn H,SO,. The suspension was 
shaken for 20 minutes. The barium sulfate was centrifuged and washed 
once with 10 ml. of water. The first supernatant layer and the wash water 
were combined. 1 ml. of 12 nN HCl and 0.8 gm. of MgCl.-6H,0 in 10 ml. of 
water were added. 15 N ammonia was then added topH 8.5. The solution 
was placed in a refrigerator for 4 hours. It was then filtered through a 
cotton-asbestos disk. The filtrate was adjusted to pH 2.8 by addition of 
12n HCl. Barium acetate was added to rid the solution of sulfate. After 
centrifugation and filtration through cotton-asbestos, the clear filtrate was 
treated with 4.0 gm. of barium acetate. The precipitate which appeared 
at this point was put into solution by further addition of 12 nN HCl. The 
solution was now completely clear. 15 N ammonia was then added to pH 
8.5. The barium salt was centrifuged and washed twice by suspension in 
40 ml. portions of dilute ammonia. The salt was dried in vacuo for 25 
hours at 60°. The yield was 2.245 gm. or approximately 83 per cent re- 
covery. The rotation was [a] = —4.03° (0.2729 gm. in 5.00 ml. of 
2.2 n HCl). The specific rotation of l-phosphomalic acid based on the 
quantity of esterified phosphorus present in the barium salt was —9.7°. 

The salt was found to be a mixture of 83.7 per cent dibarium phos- 
phomalate, 7.9 per cent monobarium phosphomalate, 8.1 per cent water, 
and 0.3 per cent barium phosphate. The Ba:P ratio was 1.89. (Ba is 
corrected for the amount equivalent to inorganic P in all ratios given in this 
paper. The P value used is esterified P.) 


Analysis—Calculated. C 9.39, H 1.53, Ba 50.8, P 6.08, inorganie P 0.03 
Found. “ 9.71, “ 1.45, “ 50.8, “6.08, “ “0.03 


Barium dl-Phosphomalate—Racemic barium phosphomalate was _pre- 
pared by methods described in this paper with two modifications to ascer- 
tain best conditions for precipitation of the dibarium salt. 

1. Crude barium phosphomalate, prepared by the hydrogenolysis and 
subsequent saponification of 6.81 gm. of diethyl diphenyl phosphomalate, 
was suspended in 200 ml. of water and dissolved by addition of 12 n HCL. 
6 volumes of ethanol were then added. The precipitate was centrifuged 
and dried in a vacuum oven at 60°. The Ba:P ratio was 1.31. 


Analysis—Found, Ba 41.7, P 7.19, inorganic P 0.11 


2. The alcohol-precipitated barium salt was dissolved in HCl, barium 
acetate added, and the salt reprecipitated by the addition of 15 N ammonia 
to pH 8.5. The suspension was allowed to stand for 1 hour before centrifu- 
gation. After two washings with dilute ammonia and final suspension in 
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ethanol, the barium salt was centrifuged and dried at 60° in vacuo. The 
Ba:P ratio was 1.96. 
Analysis—Found, Ba 53.5, P 6.17, inorganic P 0.13 


Inspection of the above analytical data shows that precipitation of 
dibarium phosphomalate is dependent on adjusting the pH to 8.5. A 
lower pH favors the precipitation of monobarium phosphomalate. 

d-Malic Acid—-The method of Dakin (12) was used for the resolution of 
dil-malie acid. 

Diethyl d-Malate—-The diethyl ester of d-malic acid was prepared ac- 
cording to the method of Fischer and Speier (10) as described for the prep- 
aration of diethyl /-malate. The ester boiled at 125-127° (10 mm.). The 
rotation was [a]?? = +16.5° (0.6577 gm. in 10.00 ml. of acetone). This 
rotation compares favorably with the opposite rotation of —15.9° obtained 
for diethyl /-malate. 

Barium d-Phosphomalate—The synthesis of diethyl d-phosphomalate was 
accomplished as described for the l isomer. The hydrogenolysis product of 
7.17 gm. of diethyl d-diphenyl phosphomalate (three separate hydrogena- 
tions of 2.39 gm. each) was saponified by treating the oil with 750 ml. of 
0.1 N NaOH for 22 hours at 38°. The solution was then acidified with 9 ml. 
of 12n HCl. 2 gm. of MgCl,-6H,O in 4.0 ml. of water were added and 
15 N ammonia to pH 8.5. The solution was placed in a refrigerator for 
2 hours and then filtered through two filter disks. The filtrate was treated 
with 9 gm. of barium acetate. 12 N HCl was added until the barium pre- 
cipitate dissolved. The flask was then evacuated to remove CO, 15 N 
ammonia was added to pH 8.5. The barium salt was centrifuged and 
washed twice by suspension in 50 ml. portions of dilute ammonia. After a 
final suspension in 100 ml. of ethanol, the barium salt was centrifuged and 
dried in vacuo at 60° for 24 hours. The yield was 5.58 gm., or 63 per cent 
of theory. The rotation was [a]?® = +4.08° (0.2430 gm. in 4.50 ml. of 
22N HCl). The specific rotation of d-phosphomalic acid, based on the 
quantity of esterified phosphorus in the barium salt, is +9.7°. This rota- 
tion agrees with the opposite rotation of —9.7° given by /-phosphomalate 
and indicates strongly that no racemization took place in the synthetic 
procedures. ‘The Ba:P ratio was 1.79. 


Analysis—Found, Ba 50.2, P 6.40, inorganic P 0.32 


Purification of Barium d-Phosphomalate—The following is the preferred 
procedure for the purification of phosphomalie acid, since it yields the 
dibarium salt free of all but traces of inorganic phosphate. To 2.55 gm. of 
powdered barium d-phosphomalate were added 37.27 ml. of 0.56 N HpSO,. 








188 PHOSPHOMALIC ACID 


The suspension was shaken for 45 minutes and then centrifuged. 1 ml. of 
12 n HCl and 1.0 gm. of MgCl.-6H,0 in 5 ml. of water were added to the 
supernatant liquid. 15 N ammonia was added to pH 10. The solution 
was allowed to stand in the refrigerator overnight and then filtered through 
a cotton-asbestos pad. 4 drops of 2 mM barium acetate were added to free 
the solution of any sulfate present. After filtration, the solution was 
poured into 9.3 ml. of 2M barium acetate (100 per cent excess) with vigorous 
stirring. After 1 hour the barium salt was centrifuged and washed with 
100 ml. portions of the following: 1 per cent barium acetate (adjusted to 
pH 10 with ammonia and filtered), 50 per cent ethanol plus 2 drops of 
15 N ammonia, 75 per cent ethanol plus 2 drops of 15 N ammonia, 95 per 
cent ethanol, and ether. The salt was dried in vacuo at 60° for 16 hours. 
The yield was 2.08 gm., or a recovery of 81 per cent. The Ba:P ratio was 
1.96. 


Analysis—Found, Ba 52.5, P 6.08, inorganic P 0.07 


Tetrabrucine Salt of dl-Phosphomalaie—To 250 mg. of barium dl-phos- 
phomalate were added 4 ml. of water and 4.0 ml. of 0.5 N H2SO,.. The 
suspension was shaken for 15 minutes. The barium sulfate was centri- 
fuged off, and the clear supernatant neutralized by addition of KOH. 
7 ml. of saturated aqueous brucine hydrochloride were added. A cottony 
mass of fine long needles was obtained after 2 days at 5°. The substance 
was recrystallized twice from hot water and dried in vacuo at 60°. The 
yield was 223 mg., or 24 per cent of theory. The crystals sintered with 
decomposition at 142-148°. Analytical values corresponded to those of a 
salt containing 4 moles of brucine per mole of phosphomalic acid. 


Analysis—C 96H1,,0.,N sP-5H,0 
Calculated. C 61.25, H 6.48, N 5.96, P 1.65 
Found. “* 61.23, “6.56 “* 5.93, “* 1.64 


Brucine d-Phosphomalate—5O00 mg. of barium d-phosphomalate were 
dissolved in 2.5 ml. of water and 0.35 ml. of 12 Nn HCl. 10 ml. of saturated 
aqueous brucine hydrochloride were added and soon thereafter short 
blunt needles appeared. The brucine salt, recrystallized three times from 
water and dried in vacuo at 60°, weighed 306 mg., a yield of 50 per cent of 
theory. The crystals sintered with decomposition at 149-154°. The 
analytical values corresponded to those of a compound containing 1 mole of 
brucine per mole of phosphomalic acid. 


A nalysis—C27H3;301..N,P-}H:O 
Calculated. C 52.52, H 5.55, N 4.54, P 5.02 
Found. “« 52.52, “ 5.64, “ 4.53, “5.01 
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Stability of Phosphomalic Acid to Acid and Base—Phosphomalic acid 
is quite resistant to acid hydrolysis, as indicated by the data in Table I. 
After 3 hours in 1 n H2SQ, at 100°, 19 per cent of the esterified phosphorus 
is hydrolyzed. No appearance of inorganic phosphorus was detected 
when phosphomalic acid was treated with either 1 N NaOH for 20 minutes 
at 20° or alkaline iodine. P 

Action of Acid Phosphatase on Phosphomalic Acid—Phosphomalic acid 
was readily dephosphorylated by a preparation of acid phosphatase ob- 
tained from Dr. Charles B. Huggins of the Department of Surgery. A 
solution of the following composition was incubated for various periods at 


TaBLe | 
Hydrolysis of l-Phosphomalic Acid in 1 n H,SO, at 100° 
Each aliquot contains 29.8 y of esterified P. 











Time | Inorganic phosphorus released Hydrolysis 
oe ie SEE goes 23, Ss) 
min. ¥ | per cent 
| 
10 | 0.2 | 0.7 
60 2.3 7.7 
120 4.4 | 15 
180 5.6 | 19 
TaBLe II 


Action of Acid Phosphatase on l-Phosphomalic Acid at Room Temperature (25°) 
Each aliquot contains 23.0 y of esterified P. 


Time Inorganic phosphorus released Hydrolysis 


nin Cos. 9 pat 
30 7.0 30 
60 11.5 50 
180 15.0 65 


room temperature: 1.0 ml. of l-phosphomalic acid (3.7 micromoles or 115 
y of esterified P and 10 y of inorganic P), 1.0 ml. of diluted acid phosphatase 
preparation from human semen (containing 105 y of inorganic P), 5.0 ml. 
of acetate buffer, pH 5.0. 

The reaction was stopped at different time intervals by addition of 
2.5 ml. of 20 per cent trichloroacetic acid and inorganic phosphate deter- 
mined on aliquots of the filtrate. Table II shows the extent of dephos- 
phorylation at various time intervals. 


SUMMARY 
Phosphomalic acid was synthesized by phosphorylating diethyl malate 
with diphenylphosphoryl chloride, followed by removal of the phenyl 
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groups by catalytic hydrogenolysis and saponification of the resulting 
ethyl ester. The d, 1, and di enantiomorphs of phosphomalic acid were 


prepared as barium salts. Crystalline brucine salts of phosphomalic acid 


were also obtained. 
Phosphomalic acid was found to be relatively stable to acid and alkali, 
but easily hydrolyzed by the action of acid phosphatase. 
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A method for the determination of oxybiotin in the presence of biotin 
in biological materials has recently been described (1). This differential 
assay was based upon the stability of oxybiotin towards dilute potassium 
permanganate and the inactivation of biotin by this reagent. This paper 
describes another differential assay which is based on the contrasting 
behavior of biotin and oxybiotin towards Raney’s nickel catalyst. 

Du Vigneaud ef al. (2), applying the Mozingo reaction (3), have shown 
that biotin undergoes hydrogenolysis when treated with Raney’s nickel, 
and is thereby converted into desthiobiotin. It could be expected that the 
tetrahydrofuran moiety of oxybiotin would be resistant to this treatment. 
This was actually found to be the case. 

In materials containing both biotin and oxybiotin, treatment with 
Raney’s nickel converts the biotin into desthiobiotin without affecting the 
oxybiotin.' Desthiobiotin is inactive for Lactobacillus arabinosus (5). 
Therefore, the activity remaining after treatment with Raney’s nickel 
is due to the oxybiotin present. These considerations served as the basis 
for a quantitative method for the determination of oxybiotin in the presence 
of biotin. A similar procedure has already been applied by Stokes and 
Gunness (6) to demonstrate the conversion of desthiobiotin to biotin. 


Methods and Materials 


Preparation of Solutions for Assay—Solutions of d-biotin and dl-oxybiotin 
were prepared in 0.1 N sodium hydroxide at concentrations of 2 and 4 
millimicrograms per ml., respectively. A solution containing 1 millimicro- 
gram of biotin and 2 millimicrograms of oxybiotin per ml. was also em- 
ployed. 

The natural materials were first hydrolyzed with acid, according to 
standard procedures. They were then neutralized and additional sodium 
hydroxide added to a concentration of approximately 0.1 nN. The final 


* Supported by grants from the Buhl Foundation and the Williams-Waterman 
Fund of the Research Corporation. 
‘dl-Oxybiotin has 50 per cent the activity of d-biotin for Lactobacillus arabino- 
sus (4). 
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concentration of biotin in the alkaline extracts should not exceed 2 mil- 
limicrograms per ml. 

Preparation of Catalyst—A 200 mg. sample of Raney’s nickel alloy was 
suspended in 5.7 ml. of 4 per cent sodium hydroxide in a 50 ml. volumetric 
flask and heated for 45 minutes on a steam bath. The liquid was decanted, 
5.7 ml. of 4 per cent sodium hydroxide were added, and the suspension 
again heated for 15 minutes. The catalyst was washed by decantation 
with three 5 ml. portions of water and was then ready for use. 

Inactivation Procedure—A solution prepared as described above (10 ml.) 
was added to the catalyst and the suspension was mechanically shaken in 


TABLE I 


Differential Behavior of Biotin and Ozybiotin towards Raney’s Nickel in Pure Solutions 
and Yeast Extracts* 
After Raney’s nickel treatment 


1.0 millimicrograms before 


Material 
treatment 


millimicrocrams per m! 


d-Biotin 0.0 
dl-Oxybiotin 1.0 
d-Biotin + dl-oxybiotint 2.0 
Yeast extract 0.0 
= 8 + d-biotint 0.0 
- - + dl-oxybiotin§ 2.0 


* All activities are expressed as oxybiotin equivalents. These equivalencies are 
obtained by referring growth activities to an oxybiotin standard curve 
tA solution containing 1 millimicrogram of d-biotin and 2 millimicrograms of 


dl-oxybiotin per ml. 
t The yeast extract was diluted with an equal volume of a solution containing 2 


millimicrograms of d-biotin per ml. 
§ The yeast extract was diluted with an equal volume of a solution containing 4 


millimicrograms of dl-oxybiotin per ml. 


a boiling water bath for 10 minutes, made up to volume with distilled water, 
10 mg. of Raney’s nickel alloy should be employed for each 


and filtered. 
It is essential to conduct the inactiva- 


millimicrogram of d-biotin present. 
tion procedure in an alkaline solution, since at neutrality oxybiotin is 
strongly adsorbed by Raney’s nickel catalyst. 25 ml. of the filtrate were 
placed in a 50 ml. volumetric flask, adjusted to pH 6.8 with 0.5 N hydro- 
chloric acid with brom-thymol blue as an internal indicator, and made 
up to volume with distilled water. The growth-promoting activity of 
this solution was then determined with Lactobacillus arabinosus (7). 
The original activity of the solution was determined by applying the iden- 


tical procedure in the absence of the catalyst. The results obtained are 


given in Table I. 
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SUMMARY 


The results reported in this paper may be summarized as follows. 

1. Biotin in pure solution or in the presence of yeast extract is quanti- 
tatively inactivated by Raney’s nickel. 

2. Under similar conditions, oxybiotin is unaffected by this treatment. 

3. The activity remaining after treatment of a mixture of biotin and 
oxybiotin is due to the oxybiotin present. 

t. All of the activity present in a yeast extract is inactivated by the 
treatment with Raney’s nickel. 

A quantitative procedure for the determination of oxybiotin in the 
presence of biotin in natural materials has been developed. 


The technical assistance of Miss Lola Ward and Miss Margaretta Taylor 
is gratefully acknowledged. 
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The demonstration of the marked biological activity of oxybiotin (1-4), 
the oxygen analogue of biotin, has focused attention upon the mode of 
action of this compound. It became of particular interest to determine 
whether oxybiotin possesses intrinsic activity or whether its biological 
potency is due to its conversion into biotin. The evidence in the literature 
is conflicting on this point. Hofmann and Winnick (5), employing a 
differential assay procedure based upon the selective destruction of biotin 
activity by dilute potassium permanganate, have demonstrated that 
Saccharomyces cerevisiae and Rhizobium trifolii utilize oxybiotin as such 
and do not convert it into biotin. On the other hand, Rubin eé al. (6) 
have presented data from balance studies on S. cerevisiae, which indicates 
that O-heterobiotin' was converted into biotin or some other compound 
which possessed more activity for S. cerevisiae than did oxybiotin. 

The experiments described in this paper were designed to clarify this 
controversial point. The yeast balance studies of Rubin et al. (6) were 
repeated under conditions identical with those employed by these authors. 
In addition, three differential assay procedures for the determination 
of oxybiotin in the presence of biotin have been utilized to ascertain whether 
cells of Saccharomyces cerevisiae grown in the presence of oxybiotin contain 
biotin. These four independent experimental approaches led to the same 
conclusion; namely, that Saccharomyces cerevisiae does not convert oxy- 
biotin into biotin. 


Balance Studies 


These experiments were conducted in an effort to repeat the observations 
of Rubin et al. (6). Saccharomyces cerevisiae was grown in the presence 
of dl-oxybiotin and the dl-oxybiotin content of the harvested cells and 
medium was determined by S. cerevisiae assay (8). Since for yeast dl- 
oxybiotin is only 25 per cent as active as d-biotin, any conversion of oxy- 
biotin into biotin during growth would lead to an increase in total 
oxybiotin equivalents? and an apparent recovery of added oxybiotin ex- 


* Supported in part by a grant from the Williams-Waterman Fund of the Research 
Corporation. 

! O-Heterobiotin has been shown to be identical with oxybiotin (7). 

* Since in the present studies we are dealing with mixtures of biotin and oxybiotin, 
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ceeding 100 per cent. Such high recoveries were reported by Rubin et al. 
and served as a basis for their conclusion that oxybiotin was converted 
into biotin or a vitamer of similar activity. 

Saccharomyces cerevisiae was grown in 250 ml. Erlenmeyer flasks con- 
taining 40 ml. of the Snell medium (9). Varying amounts, 7.e. 10, 25, 
50, or 100 millimicrograms, of dl-oxybiotin were added to each flask. In 
other experiments, 2 and 8 millimicrograms of d-biotin were employed. 
Distilled water was added to a final volume of 47 ml. After autoclaving 
for 10 minutes, the contents were cooled and seeded with 1 ml. of a suspen- 
sion of Saccharomyces cerevisiae 139° prepared by suspending cells from a 24 
hour culture grown on Difco wort agar in sufficient sterile distilled water to 
give a concentration of 0.55 mg. of dry yeast per ml.‘ This amount of 
dry yeast contains 0.60 millimicrogram of d-biotin, which is equivalent to 
2.4 millimicrograms of dl-oxybiotin in yeast growth-promoting activity. 
Since this amount of oxybiotin activity represents a considerable proportion 
of the total oxybiotin added in the 10 millimicrogram balance studies, 
experiments with this level of oxybiotin were also performed in which the 
inoculum consisted of 0.01 mg. of dry veast. The biotin content of this 
quantity of yeast is negligible. All experiments were conducted in du- 
plicate. 

After incubation at 30° for 18 hours, the cells were harvested by cen- 
trifugation. The supernatant medium was autoclaved for 15 minutes 
and assayed without further treatment. The cells were autoclaved for 
1 hour with hydrochloric acid. In order to determine the optimum ex- 
traction procedure, the effects of varying amounts and concentrations 
of acid were studied. For the 10 millimicrogram studies, 10 ml. of 2 x 
hydrochloric acid yielded maximum extraction values. In the remainder 
of the balance studies, the maximum yield of growth factor was obtained 
when 5 ml. of 6 N hydrochloric acid were employed. These conditions 
were utilized to obtain the results reported in the present paper. In our 
early experiments, the cells were hydrolyzed with sulfuric acid. The 
same results in the balance studies were obtained with both acids. 

The acid hydrolysates were adjusted to pH 4.0 with sodium hydroxide, 
diluted to a concentration of approximately 0.2 millimicrogram of oxy- 
biotin equivalents per ml., and filtered. Both the clear filtrates and the 


it has been found desirable to express all activities in terms of oxybiotin equivalents. 
These equivalents are obtained by referring growth activity to an oxybiotin standard 
curve. 

* Obtained from the American Type Culture Collection. 

‘The yeast concentration was determined in an Evelyn photocolorimeter from 
a calibration curve relating turbidity reading to dry weight of yeast. The dry 
matter content of these cells was 23 per cent by weight. 
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autoclaved medium were then assayed for their oxybiotin activity by the 
Saccharomyces cerevisiae method of Hertz (8).5° In those balance studies 
in which biotin was added, the biotin content was calculated from a biotin 
standard curve. Satisfactory recoveries of biotin and oxybiotin were 
obtained when these compounds were added to the harvested yeast cells 
before acid hydrolysis. 

The results of the oxybiotin balance studies are given in Table I. The 
percentage recovery of added oxybiotin was less than 100 and demonstrates 
that oxybiotin is not converted into biotin or any other compound with 
more activity for Saccharomyces cerevisiae. In two balance experi- 


Taste I 
Balance Studies with Saccharomyces ctrevisiae 




















Oxybiotin added to No. of Type of Oxybiotin equivalents found ia ere | of 
medium | experiments | inoculum wanes Celle® - | saadiiens — oxybiotin 
millimicrograms | : bes j millimicrograms | niitiuleregrens « oer ea 
10 7 | Lowt 8.7 (6.0-10.0) | 1 97 
10 13 Hight | 8.4 (7.3- 9.6)| 1 94 
25 4 7” 21.4 (18.5-23.3) | ] 90 
50 | ‘ 7 43.3 (40-46) | 1 89 
100 | 4 . 83.3 (80-86) | 1 84 


* Average values are given with ranges in parentheses. In the high inoculum ex- 
periments these are corrected values and are the oxybiotin equivalents observed 
minus the oxybiotin equivalents (2.4 millimicrograms) furnished by the biotin pres- 
ent in the inoculum. 

t Flasks seeded with 0.01 mg. of dry yeast. 

t Flasks seeded with 0.55 mg. of dry yeast. 





ments with d-biotin, recoveries of 105 and 85 per cent of the added biotin 
were observed. 


Differential Assay Procedures 


It appeared desirable to confirm the results of the balance studies by 
demonstrating the absence of biotin in cells of Saccharomyces cerevisiae 


’ The assays were conducted in 50 ml. Erlenmeyer flasks at 30°. 

*It should be pointed out that the hydrolysates contain both d-biotin (from the 
inoculum) and dl-oxybiotin. Since with Saccharomyces cerevisiae the growth curves 
of these two compounds are different in shape (2), different activity ratios at various 
portions of the curves are observed. However, the shapes of the growth curves are 
identical up to 1 millimicrogram of oxybiotin equivalents per flask. Suitable assays 
can, therefore, be obtained if the amount of oxybiotin equivalents added per assay 
flask is kept below 1 millimicrogram. 
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grown on oxybiotin. Methods permitting the differentiation of biotin 
and oxybiotin were necessary for this purpose. Three such differential] 
assay procedures have been devised in oyr laboratories and were applied 
to the acid hydrolysates of cells of Saccharomyces cerevisiae grown in the 
presence of varying amounts of oxybiotin. The methods employed in 
growing the cells and obtaining the acid hydrolysates have been described 
in the previous section. Each flask was seeded with 0.55 mg. of dry yeast. 
It was necessary to combine the harvested cells from several flasks and 
hydrolyze them with proportionally increased amounts of 2 N or 6 N hy- 
drochloric acid in order to obtain enough material for analysis. 

Permanganate Method (5)—This method is based upon the fact that 
biotin is converted by dilute potassium permanganate into biotin sulfone, 
which is inactive for Saccharomyces cerevisiae in the amounts present under 
our assay conditions. In contrast, this treatment causes only a slight 
destruction of oxybiotin. Therefore, any growth activity for Saccharomyces 
cerevisiae remaining after treatment of a mixture of biotin and oxybiotin 
with permanganate is due to the oxybiotin present. 

The hydrochloric acid hydrolysates prepared from the harvested yeast 
cells were adjusted to pH 1.0 with sodium hydroxide, diluted to a con- 
centration of approximately 2 millimicrograms of oxybiotin equivalents 
per ml., and filtered. 3 ml. of the filtrate were treated with 6 ml. of 0.01 
N potassium permanganate and allowed to stand at room temperature for 
5 minutes. After decolorization of the excess permanganate with 0.05 
mu sodium bisulfite, the solution was adjusted to pH 4.0 with sodium hy- 
droxide, and diluted to 25 ml. with distilled water. The growth activity 
for Saccharomyces cerevisiae was then determined (8). The same procedure 
was applied to 3 ml. of a 0.1 N hydrochloric acid solution containing 10 
millimicrograms of dl-oxybiotin. The growth curve obtained with this 
permanganate-treated oxybiotin solution was used as the reference stan- 
dard. This treatment of oxybiotin with permanganate resulted in a 10 
per cent loss in activity.’ When a solution of oxybiotin was added to the 


7 More extensive experience with this differential assay (5) has demonstrated 
that the acid employed markedly influences the stability of oxybiotin towards potas- 
sium permanganate. Whereas oxybiotin is only slightly inactivated in 0.1 N hydro 
chloric acid solution, it is completely inactivated when 0.1 N sulfuric acid is employed. 
No explanation can be offered at the present time for this behavior of the oxybiotin 
molecule. It is interesting to note, however, that the stability of oxybiotin in the 
presence of a yeast hydrolysate is independent of the acid employed in the prepara- 
tion of the hydrolysate. The same results were obtained when either hydrochloric 
acid or sulfuric acid was used to hydrolyze the yeast cells and the hydrolysate treated 
with potassium permanganate. A 90 per cent recovery of the oxybiotin added toa 
sulfuric acid yeast hydrolysate was obtained following permanganate treatment. 
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original yeast filtrate and the mixture treated with permanganate, as 
described above, a 90 per cent recovery of the added oxybiotin was obtained. 
Added biotin was completely destroyed under these conditions. 

In order to determine the oxybiotin equivalency previous to perman- 
ganate inactivation, 3 ml. of the yeast filtrate were treated as shown, with 
the exception that the permanganate and bisulfite additions were omitted. 


TaBLe II 


Effect of Permanganate and Raney’s Nickel Catalyst upon Growth Activity of 
Hydrolysates Prepared from Saccharomyces cerevisiae Grown 
in Presence of Oxybiotin 


Oxybiotin equivalents in cells 
Oxybiotin added to ee ae piiannneitnimaiilaaa 








medium en Aine poomenqnante | After Bonay’s olctet 
10 8.0 7.6 
9.1 9.0 
6.8 7.0 
7.3 7.2 
9.5 9.5 
7.5 7.4 
50 42 38 
46 43 
40 37 
45 45 
100 85 82 
80 83 
86 86 
82 75 


* Oxybiotin equivalents observed minus the oxybiotin equivalents furnished by 
the biotin present in the inoculum. In separate experiments, it was demonstrated 
that the biotin in the inoculum was completely inactivated by both permanganate 
and Raney’s nickel catalyst. 


In this case the oxybiotin equivalency was determined by reference to a 
non-potassium permanganate-treated oxybiotin standard. 

The results obtained are shown in Table II. It can be seen that the 
growth activity present in cells of Saccharomyces cerevisiae grown on oxy- 
biotin is not significantly affected by permanganate treatment. The 
absence of biotin in these cells is, therefore, demonstrated. 

Raney’s Nickel Method—This differential assay procedure is described 
in the preceding paper (10) and is dependent upon the fact that treatment 
with Raney’s nickel, while without effect upon oxybiotin, converts biotin 
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into desthiobiotin, which is inactive for Lactobacillus arabinosus. dl- 
Oxybiotin is 50 per cent as active as d-biotin for Lactobacillus arabinosus, 

The growth activity of the acid hydrolysates of Saccharomyces cerevisiae 
was determined by Lactobacillus arabinosus assay both before and after 
treatment with Raney’s nickel and was expressed as oxybiotin equivalents. 
Since biotin is inactivated by Raney’s nickel, any activity remaining after 
such treatment must, perforce, be due to the oxybiotin present. Biotin 
added to the acid hydrolysates was completely inactivated by treatment 
with Raney’s nickel, while added oxybiotin was unaffected. 

The results of these studies are likewise given in Table II. Since the 
growth activity of the extracts from cells of Saccharomyces cerevisiae grown 
in the presence of oxybiotin was not affected by Raney’s nickel catalyst, 
it can be concluded that these extracts do not contain any biotin. On 
the other hand, the growth activity of extracts from cells grown in the 
presence of biotin was completely inactivated by Raney’s nickel catalyst. 

Differential Growth Inhibition by y-(3,4-Ureylenecyclohexyl)-butyric 
Acid—We have previously reported (11) that the activity of dl-oxybiotin 
for Lactobacillus arabinosus can be completely inhibited by amounts of 
y-(3,4-ureylenecyclohexyl)-butyric acid which have only a slight effect 
upon the activity of equivalent amounts of d-biotin. This selective in- 
hibition has been utilized as a basis for the differential assay of biotin 
and oxybiotin. In the presence of y-(3,4-ureylenecyclohexyl)-butyric 
acid the growth-promoting effect of mixtures of biotin and oxybiotin is 
due only to the biotin present. The decrease in activity observed when 
such mixtures are assayed in the presence of the inhibitor is therefore due 
to the oxybiotin content. Complete growth inhibition is indicative of 
the absence of biotin in a suspected mixture. 

Acid hydrolysates of Saccharomyces cerevisiae cells grown in the presence 
of 10, 50, or 100 millimicrograms of oxybiotin were adjusted to pH 68 
with sodium hydroxide, filtered, and diluted to a concentration of approxi- 
mately 0.4 millimicrogram of oxybiotin equivalents per ml. (determined 
by Lactobacillus arabinosus assay with an oxybiotin standard curve). The 
activities of aliquots of these extracts containing from 0.5 to 2.0 millimicro- 
grams of oxybiotin equivalents were then determined in the presence of 
150 y of y-(3,4-ureylenecyclohexyl)-butyric acid. Complete inhibition 
of growth at all levels was noted in the extracts prepared from cells grown 
on 50 or 100 millimicrograms of oxybiotin. In these aliquots the oxybiotin 
equivalents furnished by the biotin in the inoculum were below detectable 
limits. The slight growth activitv remaining in the extracts from the 10 
millimicrogram studies could be attributed to the biotin furnished by the 
inoculum which represents 10 per cent of the total growth-promoting 


activity of the extracts for Lactobacillus arabinosus. 
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The inability of these extracts to support the growth of Lactobacillus 
arabinosus in the presence of y-(3,4-ureylenecyclohexyl)-butyric acid 
again demonstrates the absence of biotin. 


DISCUSSION 


The balance experiments described in this paper demonstrate clearly 
that oxybiotin is not converted into biotin during the growth of Saccharo- 
myces cerevisiae 139. These results are in direct contrast to those obtained 
by Rubin eé al. in identical experiments. The data presented by these 
authors indicate complete conversion of oxybiotin into biotin at a low 
level of added oxybiotin. We can offer no explanation for this extreme 
variance in results. The failure of Rubin ef al. to take into account the 
biotin furnished by the inoculum would lead to an apparent recovery of 
approximately 120 per cent in the 10 millimicrogram balance studies. 
This figure, however, falls far short of the 200 per cent recovery observed 
by these workers. 

The analyses of yeast hydrolysates by three distinct differential assay 
methods have further demonstrated the absence of biotin in cells of 
Saccharomyces cerevisiae grown on oxybiotin. These results are in accord with 
those obtained in our balance experiments and confirm the work of Hof- 
mann and Winnick (5). These data provide unequivocal proof for the 
absence of a measurable equilibrium state between biotin and oxybiotin 
in Saccharomyces cerevisiae 139. The biological activity of oxybiotin 
for this yeast is, therefore, an intrinsic property of the molecule. 


SUMMARY AND CONCLUSIONS 


1. In balance experiments with Saccharomyces cerevisiae 139 grown in 
the presence of varying amounts of dl-oxybiotin approximately 100 per 
cent of the added oxybiotin was recovered. 

2. Three independent differential assay methods have been utilized 
to demonstrate the absence of biotin in cells of Saccharomyces cerevisiae 
grown on oxybiotin. 

3. Saccharomyces cerevisiae 139 does not convert oxybiotin into biotin 
and the biological activity of oxybiotin, the oxygen analogue of biotin, 
is an inherent property of the molecule. 


We are indebted to Dr. J. P. English of the American Cyanamid Com- 
pany, Stamford, Connecticut, for a generous supply of y-(3, 4-ureylene- 
cyclohexy])-butyric acid. The technical assistance of Miss Jean DeWoody 
and Miss Margaretta Taylor is gratefully acknowledged. 
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ON SALMINE SULFATE 
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(From the Chemical Division, Department of Medicine, University of Chicago, Chicago) 


(Received for publication, March 26, 1947) 


The possible réle of protamines as intermediates in the enzymatic 
hydrolysis of proteins has held the interest of a number of investigators 
since the discovery of these basic polypeptides by Miescher (1, 2) in the 
sperm of fish. This class of polypeptides resembles genuine proteins quite 
closely with respect to molecular weight (approximately 3000) and presence 
of peptide linkages connecting the various amino acid residues, yet differs 
from proteins in that only a few species of amino acids are present. There- 
fore protamines were thought to lend themselves admirably to the study 
of substrate specificity of proteolytic enzymes. Moreover, it was felt 
that the structure of protamines could be elucidated further by the use of 
proteolytic enzymes. It was with this in mind that Kossel and Matthews 
(3) reported that salmine and sturin were hydrolyzed by crude trypsin 
preparations but not by pepsin, and Waldschmidt-Leitz and Harteneck (4) 
reported that erepsin did not utilize protamines as substrates. These 
results indicate that protaminolytic activity is associated with the trypsin 
fraction of pancreatic extracts. Waldschmidt-Leitz and coworkers (5, 6) 
reported the isolation of an enzyme which was capable of hydrolyzing 
protamines, though unable to act on proteins. Their findings led them to 
abandon their former hypothesis that trypsin could split protamines. 
Northrop (7), however, was unable to separate protaminase from chymo- 
trypsin. 

The isolation of crystalline trypsin and chymotrypsin by Northrop and 
Kunitz (8, 9) enabled Waldschmidt-Leitz and Akabori (10) to reinvestigate 
the action of proteinases on protamines and their degradation products. 
Thus, Waldschmidt-Leitz and Akabori compared their own proteinase 
preparation with the crystalline enzyme preparation of Northrop and 
Kunitz (8, 11) and studied the effect of these enzymes with respect to the 
liberation of amino nitrogen on casein, sturin, clupein, and clupean. 
Their findings indicate that the non-crystalline proteinase contained 
impurities and that clupean,’ the degradation product of clupein, is split 
more extensively than the native protamine. In 1935 Holter, Kunitz, and 


* Present address, Department of Biochemistry, University of Chicago. 
' Waldschmidt-Leitz and Kofranyi have characterized clupean as a split-product 
of clupein. It is thought to contain three tripeptides and two dipeptides (12). 
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Northrop (13) repeated the same experiments of Waldschmidt-Leitz and 
Akabori, limiting themselves to clupean and employing crystalline trypsin 
and chymotrypsin prepared by an improved method (14) which success- 
fully removed impurities present in earlier crystalline preparations. These 
experiments largely confirmed Waldschmidt-Leitz and Akabori’s data on 
clupean. 

Furthermore, Weil (15), using a somewhat different procedure for the 
preparation of protaminase, presented evidence that proteinase action on 
protamines ceased at the clupean stage, but that protaminase was capable 
of hydrolyzing protamines as well as their decomposition products, such as 
clupean. 

Since the work of Holter, Kunitz, and Northrop deals only with the 
effect of improved crystalline trypsin and chymotrypsin on a protamine 
degradation product, 7.e. clupean, it was thought worth while to present 


TABLE [ 


Calculation of Purity of Authors’ Preparation by Comparison with Block and 
Bolling’s Data 


Purity of authors’ 


Block and Bolling (16) Authors’ data preparation 
per cent per cent per cent 
Arginine......... , 68.57 53.5* 78.0 
Kjeldahl N eT 24.46 20.00 81.60 


* Arginine determined after complete hydrolysis of salmine according to the method 


described in this paper, except that protaminase was in excess. 


in this paper data concerning the effect of improved crystalline enzyme 
preparations on a native protamine, namely salmine. It should be pointed 
out that the results obtained with salmine are not directly comparable to 
those obtained with clupein, since these two protamines differ slightly as 
regards their digestion by protaminase. Comparable data for the diges- 
tion of these protamines by proteinases are not available. 


Determination of Protaminolytic Activity 


Salmine sulfate (Eli Lilly and Company) was used as substrate for the 
protaminolytic enzyme. The purity (80 per cent) of this salmine prepara- 
tion was calculated from its arginine and nitrogen content with Block and 
Bolling’s (16) data for comparison (Table 1). 

Salmine sulfate can be hydrolyzed to its component amino acids by 
refluxing 24 hours with dilute sulfuric acid. This can also be accomplished 
enzymatically under certain conditions. The method which was formerly 
used for the determination of the extent of protamine hydrolysis consisted 
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in the measurement of the increase in free amino nitrogen. Because a 
more specific method for determination of protaminase activity was desired 
and because arginine constitutes 64.57 per cent of salmine sulfate, the 
amount of free arginine liberated by protaminase was used as a criterion 
for protaminolytic activity. Three enzyme-catalyzed reactions are in- 
volved in the analytical procedure which ultimately yields measurable 
carbon dioxide. 


protaminase 


Salmine * -—» arginine + other split-products (1) 
Arginine aremec’, ornithine + urea (2) 

_ urease " 
Urea ———> CO, + NH; (3) 


The specificity of this method might be influenced by the presence of 
substrates other than arginine to yield urea and ornithine. However, 
such interference seems unlikely in view of the findings of Waldschmidt- 
Leitz and Kofranyi (12) that arginase did not affect any of the protamine 
digestion products, regardless of size, except free arginine. Furthermore, 
it has been shown that a number of derivatives of arginine, as well as 
several arginine-like compounds, are not hydrolyzed by arginase. The 
following examples may be cited: pL-e-guanido-a-aminocaproic acid (17), 
y-guanidobutyric acid (18-20) 6-guanidovaleric acid (21), argininie acid 
(21), a, N-methylarginine (22), a, N-benzoylarginine (18, 23), and arginin- 
amide (23). Contrary to Waldschmidt-Leitz and Kofranyi (12), Edl- 
bacher and Burchard (24) have reported the splitting of a degradation 
product of clupein, isolated by Kossel and Staudt (25) and identified as 
arginylarginine, by an arginase preparation free of dipeptidase activity. 
The preparation of Kossel and Staudt probably contained impurities which 
were eliminated in methods developed later for the isolation of arginyl- 
arginine, in which either acid hydrolysis (24-26) or tryptic digestion (27) 
of clupean was used. The work of Edlbacher and Burchard (24) was 
confirmed recently by Felix and Schuberth (28) who used well defined and 
carefully analyzed preparations of arginylarginine. Since in the experi- 
ments to be reported no urea formation could be observed when trypsin, 


_ chymotrypsin, or pepsin was added to salmine, this protamine appears to 


behave in a manner similar to that described by Waldschmidt-Leitz and 
Kofranyi (12) for clupein, whose proteolytic digestion products are not 
hydrolyzed by arginase. 

The formation of arginylarginine in the course of the hydrolysis of prota- 
mine by protaminase could conceivably produce misleading results in the 
method here reported. But the formation of arginylarginine under these 
conditions appears quite unlikely, since, according to Waldschmidt-Leitz 
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and Kofranyi (12), protaminase produces only free arginine from clupein, 
as is evidenced by the isolation of arginine flavianate. 

The determination of protaminolytic activity is carried out as follows; 
50 mg. of salmine sulfate (80 per cent pure) were dissolved in 4 ml. of 0.3 mu 
phosphate buffer, pH 7.7, and the enzyme solution containing protaminase 
was added in suitable concentration. The final volume was made up to 10 
ml. with water and the solution incubated at 37° for 24 hours. At the end 
of the incubation period the solution was heated to 100° in a water bath for 
15 minutes and the coagulated proteins centrifuged off and discarded. 
5 ml. of the supernatant were added to 1 ml. of arginase solution (prepared 
according to Richards and Hellerman (29)), after addition of 4 ml. of 0.3 u 
phosphate buffer, pH 7.7. This solution was incubated 5 hours at 37° 
and then was heated to 100° in a water bath for 15 minutes. After centrif- 
ugation, the urea formed due to arginase action was estimated manometri- 
cally with urease, 10 mg. in each vessel (Squibb commercial preparation), in 
Warburg manometers and vessels. Theoretical amounts of arginine 
could be recovered when arginine was hydrolyzed with arginase and urea 
determined manometrically. Previous investigators have described the 
manometric determination of urea, e.g. Krebs and Henseleit (30), and a 
manometric assay of arginase activity has been reported (31). 

It is essential for the success of the method outlined in the preceding 
paragraphs that arginase and urease are present in excess, so that reaction 
(1) is the limiting factor in this series of reactions. Furthermore it was 
necessary to ascertain that arginase and urease were devoid of any pro- 
taminolytic activity. This was found to be true here. 


Effect of Proteolytic Enzymes on Salmine Sulfate 


Three crystalline proteolytic enzymes were investigated, namely trypsin 
(32), chymotrypsin (32), and pepsin (33). Tryptic and chymotryptic 
digestions were carried out at pH 7.7, whereas peptic digestion was carried 
out at pH 2.0. The proteolytic activities were determined by the method 
of Anson (34). Amino nitrogen was determined according to the gaso- 
metric Van Slyke method. 

It was found that trypsin and chymotrypsin were capable of hydrolyzing 
salmine and that in the process of hydrolysis one-half of the total amino 
nitrogen was liberated (Table II). These values are slightly lower (about 
10 per cent) than those obtained by Waldschmidt-Leitz and Akabori (10) 
for the digestion of clupein by trypsin (with the older method of prepara- 
tion (8)). On the other hand, the amount of amino nitrogen liberated by 
chymotrypsin is approximately 10 per cent higher than the values obtained 
by Waldschmidt-Leitz and Akabori (10) with less pure chymotrypsin 
preparations (11) and clupein as substrate. Pepsin, however, did not 
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affect salmine sulfate. None of the above proteolytic reaction products 
was susceptible to arginase action, indicating the absence of free arginine, 
or possibly arginylarginine. These results seem to be in disagreement 
with those of Felix et al. (27) who have reported the isolation of arginyl- 
arginine from tryptic digests of clupein methyl ester hydrochloride. This 


TABLE II 


Liberation of Amino Nitrogen upon Digestion of Salmine Sulfate by 
Proteolytic Enzymes 


Enzyme Amino nitrogen per 10 mg. salmine 











cites: elt a8 
Chymotrypsin ; EI Re eed: 0.204 
Trypsin. ... ; 0.252 
Pepsin. 0.000 
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S 80F / J 
/ 
40 i q 
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Fic. 1. Determination of protaminase. The CO, values represent the total amount 
liberated upon digestion of 50 mg. of salmine sulfate according to the procedure 
described in the text. Protaminase solution, 0.38 mg. of protein per ml. 


discrepancy may be due to the contamination of their rather crude tryp- 
sin preparation by protaminase. 

A commercial trypsin preparation (Wilson and Company) was used as a 
source of protaminase. This powder was extracted with 0.25 n H.SO, and 
vielded protaminase activity which may be measured as shown in Fig. 1. 

The data presented in Fig. 1 indicated that proteolytic enzymes were 
capable of using salmine sulfate as a substrate, but that they were unable 
to hydrolyze salmine completely, since only one-half of the amino nitrogen 
(ealeulated from the arginine content) was liberated. 
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It appears possible that the action of proteolytic enzymes on salmine 
precedes that of protaminase; so that protaminase would act only upon 
the proteolytic degradation product of salmine. Such a possibility seems 
indicated by the fact that proteolytic enzymes and protaminase are closely 
associated and difficult to separate. ’ 


Separation of Proteolytic and Protaminolytic Activity 
P y 


An attempt was made to separate protaminase from the proteinases 
and peptidases by a variety of procedures. (1) Fractionations with 
(NH,)eSO, or alcoho! were unsuccessful. (2) Removal.of peptidases with 
alumina C gel at pH 3.8 and 7.0 was performed. Then adsorption with 
alumina A of protaminase was attempted but was unsuccessful. Weil (15) 
stated that he was able to separate protaminolytic and proteolytic activity 
by this means. (3) Lastly adsorption of proteinases on egg albumin and 
subsequent precipitation with acetone did not separate protaminase from 
the proteinases as reported by Waldschmidt-Leitz and Kofranyi (6). 

The criteria for separation employed here differ somewhat from those 
previously used. Protaminolytic activity was determined by the method 
described above, whereas proteolytic activity was determined by the 
method of Anson (34). The difference between the results obtained may 
be due to the higher specificity of the methods used here or, perhaps, to 
the difference in substrate employed in the measurements of proteolytic 


activity. 
SUMMARY 


1. A method for the measurement of protaminase activity is presented. 

2. Crystalline trypsin and crystalline chymotrypsin hydrolyzed salmine 
sulfate and liberated one-half of the arginine amino nitrogen. Crystalline 
pepsin caused no hydrolysis. 

3. None of the proteolytic enzymes was capable of complete hydrolysis 
of salmine sulfate to free arginine. 

4. Protaminase was found to yield free arginine from salmine. 

5. The failure to separate protaminolytic from proteolytic activity has 


been reported. 


The authors are greatly indebted to Dr. E. 5. Guzman Barron for the 
privilege of working in his laboratory and for his helpful advice and en- 
couragement. We would also like to express our thanks to Dr. Moses 
Kunitz for a gift of crystalline trypsin and to Eli Lilly and Company for 


their donation of the salmine sulfate. 
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THE ACONITE ALKALOIDS 


XVI. ON STAPHISINE AND THE HYDROCARBON OBTAINED 
FROM ITS DEHYDROGENATION 


By CHARLES F. HUEBNER ann WALTER A. JACOBS 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, April 11, 1947) 


Staphisine, atisine, and napelline, members of the less toxic group of the 
aconite alkaloids, have been shown to yield phenanthrene hydrocarbons 
on selenium dehydrogenation (1-4). The hydrocarbon Cj Ho obtained 
along with pimanthrene and other hydrocarbons from staphisine, must 
represent a large fragment of the original molecule based either on the 
monomolecular or dimolecular formulas of the alkaloid previously dis- 
cussed (1). Its identification has therefore been of special interest. Ox- 
idative studies (4) have already suggested that the substance could be a 
dimethylisopropylphenanthrene, the possible structures of which were 
limited to three. 


CHy CH, 


CH OY , CH, » 6 ~~ 


I Il 
Ul 
* a OQ at PQQ com 
cH, “CHCHOOOH crf, 3 CH, 
CH, CH, pA 
CH 
Il IV Vv 


Synthetic studies have now furnished convincing evidence that it is one 
of these; namely, /,3-dimethyl-?-isopropylphenanthrene (3-methylretene) 
(Formula 1). The hydrocarbon obtained from the alkaloid as well as its 
picrate and trinitrobenzene derivative have appeared indistinguishable from 
the synthetic substances. 

The synthesis of 1,3-dimethyl-7-isopropylphenanthrene has followed 
closely the plan used by Haworth and Bolam for the preparation of 1,3 ,7- 
trimethylphenanthrene (5). The initial step for this purpose was the 
substitution of 2-isopropyinaphthalene for 2-methylnaphthalene for con- 
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densation with methylsuccinic anhydride and aluminum chloride to vield 
2-(6-isopropyl-2-naphthoyl)isobutyric acid (Formula II). The methyl ester 
of this acid with methylmagnesium iodide and the accompanying loss of 
H,O and saponification gave 1 ,3-dimethyl-3-(6-1sopropyl-2-naphthyl)A?- 
butenoic acid (Formula III). Since the succeeding steps which finally 
resulted in the desired phenanthrene derivative exactly paralleled the 
synthesis described by Haworth and Bolam, and because of limited ma- 
terial, no attempt was made to purify the intermediate substances for 
characterization. These steps and the procedures used were as follows. 

Reduction of the above butenoic acid with hydriodic acid and phosphorus 
gave | ,3-dimethyl-3-(6-isopropyl-2-naphthyl)butyric acid. The crude acid 
isolated was directly cyclized with H.SO, to the ketone 4-ox0-1 ,3-dimethyl- 
?-isoprepyl-1 ,2,3,4-tetrahydrophenanthrene (Formula 1V). The crude 
ketone on Clemmensen reduction yielded / ,3-dimethyl-7-tsopropyl-1 , 2 ,3 , 4- 
tetrahydrophenanthrene. The latter, also without purification, was de- 
hydrogenated with selenium to 1/,3-dimethyl-?-isopropylphena-threne. 
For further characterization of the hydrocarbon and comparison with the 
substances obtained from staphisine, its picrate and trinitrobenzene de- 
rivative were prepared. 

As a check on the position occupied by the methylsuccinoy] group in the 
above 2-(6-isopropyl-2-naphthoyl)isobutyric acid, it was shown that the 
latter on oxidation with potassium ferricyanide yielded an acid which ap- 
proached in properties the 6-isopropyl-2-naphthoic acid (Formula V) 
described by Haworth (6). This was confirmed by condensation of 2- 
isopropylnaphthalene with propionyl chloride to form ethyl-(6-isopropyl- 
2-naphthyl) ketone, since the latter on subsequent oxidation with hypochlo- 
rite also yielded the same 6-isopropyl-2-naphthoie acid. 

The identification of the CisH2» hydrocarbon from staphisine as 1 ,3- 
dimethyl-7-isopropylphenanthrene gives additional support, at least as far 
as the 1-methyl and 7-isopropyl groups are concerned, to the suggested 
general diterpenoid nature of this alkaloid, and therefore of other aconite 
alkaloids. As we shall report elsewhere, evidence has been obtained that 
pimanthrene, as in the case of staphisine, is a product cf the dehydrogen- 
ation of hetisine. The origin of the 3-methyl group in the C,yHeo hydro- 
carbon from staphisine, however, requires an explanation and will be a 
subject for further study. A diterpenoid structure could account for 20 
carbon atoms of the alkaloid. The group which appears in the N-alky! 
determination has been definitely identified as methyl.’ If the simple 
monomolecular alkaloid possesses only these carbon atoms, it would be a 


1 The so called N-alkyl groups present in the Aconitum alkaloids which we have 
been able to study as in the case of aconitine are N-ethyl groups. This will be de- 


scribed elsewhere. 
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Cy derivative and the dimolecular alkaloid would require a Cy formula. 
As a matter of fact, the analytical data already presented for staphisine (1) 
are essentially as satisfactory for a CywHsoON: formula derived by loss of 
H,O between two C.,H3,ON alkaloid molecules (Table I). A CywHssON2 
formula is also a possibility, in which case a carbon to carbon bond between 
non-identical moieties could be present. If this bond is shared by the 3- 
phenanthrene carbon atom of one of the moieties, the 3-methyl group 
above might have its origin in a carbon atom of the second half. As another 
possibility, if the N atom of the monomolecular alkaloid is attached in the 
environment of carbon atom 3, a rearrangement of its N-methyl group to 


TaB_e | 
Staphisine and Derivatives 





























Calculated on basis of Found 
Substance | CaHeONs | CaHsONs | CuHwONs . " 
c | x i¢ sb. & | € H 

Staphisine 82.83/ 9.94] 83.38] 9.34 | 83.48) 9.56) 82.36] 9.47 
| 82.62} 9.73 
| 82.85, 9.77 
dihydrochloride | 73.96] 9.17) 74.40) 8.63 | 74.85, 8.86) 73.84) 9.08 
73.70) 8.94 
| ee et er ee 74.37) 9.04 
dihydrobromide | 65.43) 8.11] 65.77| 7.63 | eum 7.87| 64.95} 7.92 
| | 64.97) 7.84 
monomethiodide 68.76) 8.46) 69.13 7.97 69.73 8.20) 68.60) 8.34 
dimethiodide 59.17] 7.45 59.44! 7.03 | 60.24) 7.26] 58.98 7.41 
| | 58.40} 7.29 
Tetrahydrostaphisine om 10.53) 82.83) 9.94 | = 10.13) 82.50) 10.08 
| | | | 82.19] 10.08 


The caleulated values for CwHssON: are obvious by interpolation. 


this carbon atom could afford an explanation for the formation of a 3- 


methylphenanthrene derivative on dehydrogenation. The Cy and Cy 
formulas which were originally suggested from the analytical data, but 
which are now less probable, would have permitted as an explanation for 
the formation of 3-methylretene the presence of the extra methyl group in 
the same position in the original Cy: alkaloid. But this would require a’ 
departure from the usual diterpenoid structures. Studies are now in 
progress to establish, among other things, the correct formulations of this 
and related alkaloids. 

Parallel with the above work, studies have continued to determine also 
the identity of the previously recorded oxidation product of the Ci9Ho 





ee 
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hydrocarbon obtained through the intermediate quinone, and which was 
tentatively interpreted as a ‘‘hydroxyisopropylphthalic acid, CyH,0,;” 
(Formula VI). 1,2-Dimethyl-4-isopropylbenzene (7) was oxidized with 
permanganate to 4-hydroxyisopropylphthalic acid (Formula VI). As a 
check on its identity, the same acid was obtained also by oxidation of 2- 
aceto-1-methyl-4-isopropylbenzene (8) and by oxidation of 2-methyl-4- 
isopropylbenzoic acid (9). Its phthalic acid character was confirmed by 
the condensation of its dimethyl ester with hydrazine to the phthalazine 
derivative, 6-hydroxyisopropyl-1 ,4-dihydroxyphthalazine (Formula VII), 
The oxidation of the synthetic acid with nitric acid to trimellitic acid was 
in accord with a 4 position for the hydroxyisopropyl side chain. 

The synthetic Cy,H»Os acid appeared definitely different in properties 
from the acid from staphisine. Although the melting points of the two 
substances were similar (168-170°), a mixture showed some depression 
(163-165°). The alkaloid acid, after melting, resolidified with transfor. 


OH 
HsC COOH HC S 
CHs-C\ COOH CHy- CA 
HO H OH 
VI Vil 
COOH COOH 
COOH CHy HC 
on o-Cil CHsC COOH 
CHsC-0 oc—0 HO 
CHs 
Vill IX Xx 


mation to high melting crystalline material (290°), while the synthetic acid 
after melting gave no evidence of the formation of such a substance. It 
seemed rather to form an ester type of polymer. Although the absorption 
spectra of the synthetic acid and that from staphisine are not identical 
(Fig. 1), there is sufficient similarity to suggest a general relationship, if not 
the unlikely possibility that the natural acid may have been a mixture which 
contained some 4-hydroxyisopropylphthalic acid. The exact identity of 
this substance is therefore still undetermined and the very limited amount 
of material which has been available has prevented its further study. 
Consideration has also been given to the possibility that the so called 
“CyHwOs acid” could have been a position isomer, since there are six 
possible hydroxyisopropylbenzenedicarboxylic acids. Of these, four possess 
the hydroxyisopropy! residue in a position ortho to a carboxyl group and 
should not be sufficiently stable for isolation because of spontaneous 
lactonization. Hence the ““C),H»2Os acid” should not be one of these acids. 
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A check, however, on such expected lactonization was made by the synthesis 
and study of the behavior in the case of 3-hydroxyisopropylphthalic acid. 
As expected, this substance could be isolated only as its corresponding 
phthalide, 3,3-dimethyi-?-carboxyphthalide (Formula VIII). The latter 
was synthesized by permanganate oxidation of / ,2-dimethyl-3-hydroxyjiso- 
propylbenzene, which was prepared by the reaction of the magnesium 
compound from | ,2-dimethyl-3-bromobenzene with acetone. The lactone 
of hydroxyisopropylterephthalic acid (Formula IX) has already been 
studied by Cannizzaro and Gucci (10), who found that the dibasic acid 
itself can exist only in the form of salts in alkaline selution. 




















Fic. 1. @, 5-hydroxyisopropylisophthalic acid; +, 4-hydroxyisopropylphthali¢ 
acid; O, ‘Cy,Hy20; acid” from staphisine. 


A hydroxyisopropyldicarboxylic acid which can exist as such is 5-hy- 
drozyisopropylisophthalic acid (Formula X). This substance was _pre- 
pared by oxidation of 5-isopropylisophthalie acid. It proved to be different 
from the so called “CyHy»Os acid” (m.p. 300-305°). Its absorption spec- 
trum is recorded in Fig. 1. 


EXPERIMENTAL 


2-(6-I sopropyl-2-naphthoyl)isobutyric Acid—A mixture of 30 gm. of 2- 
isopropylnaphthalene (11) and 15 gm. of methylsuccinic anhydride was 
added to a cold solution of 34 gm. of aluminum chloride in 130 ce. of nitro- 
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benzene. After 12 hours, dilute HCl was added and nitrobenzene and 
excess isopropylnaphthalene were removed with steam. The residual tar 
was dissolved in ether and the acids were extracted with NasCOs solution. 
The latter was reacidified and extracted with ether. The ether vielded 
crystalline material on evaporation. After two recrystallizations from 
ethanol, 8 gm. of the acid were obtained as needles and melted at 175-176*. 


CisH200;. Calculated, C 76.01, H 7.09; found, C 76.25, H 6.66 


The methyl ester was prepared by refluxing the acid for 12 hours with 3 per 
cent HCl in methanol. The yield from 7.5 gm. was 6.5 gm., m.p. 92-94°. 


Ci 9H 220s. Calculated, OCH; 10.40; found, OCH; 9.95 


1 ,3-Dimethyl-3-(6-isopropyl-2-naphthyl)-A*-butenote. Acid—A_ Grignard 
solution prepared from 0.77 gm. of magnesium and 2 cc. of methyl iodide 
was added dropwise to a solution of 6.43 gm. of the above methy] ester in 
25 ec. of dry benzene. The mixture was refluxed for 3 hours and then de- 
composed with dilute H,SO,. The benzene solution was extracted with 
Na,CO; solution which, when reacidified, yielded « waxy solid. The col- 
lected material crystallized from ethanol, but repeated recrystallizations 
were found necessary to obtain the acid ash-free. The vield was 1.5 gm., 
and the melting point 185-186°. 

CisH2202. Calculated, C 80.80, H 7.86; found, C 80.75, H 8.00 


1 ,3-Dimethyl-?-isopropylphenanthrene—1 gm. of 3-(6-isopropyl-2- 
naphthy!)-1 ,3-dimethyl-A*-butenoic acid was refluxed for 4 hours with | 
gm. of red phosphorus in 5 ce. of HI (sp. gr. 1.7). The resulting oil was 
extracted with ether, and the extract was shaken successively with sodium 
bisulfite and NaOH solutions. The NaOH solution was acidified and re- 
extracted with ether. The latter, after concentration, yielded a residue of 
250 mg. of crude 2-(6-isopropyl-2-naphthyl)isobutyric acid. This material 
without further purification was cyclized by heating with 1.5 cc. of 66 per 
cent. H.SO, on the steam bath for 1 hour. The mixture was diluted with 
water and extracted with ether. The ether extract was washed with dilute 
alkali and then yielded 150 mg. of residue, which consisted essentially 
of 4-oxo-1 ,3-dimethyl-7-isopropyl-1 ,2,3 ,4-tetrahydrophenanthrene. The 
crude ketone was refluxed for 12 hours with 75 mg. of amalgamated zine in 
2 cc. of HCl (sp. gr. 1.19). The crude tetrahydrophenanthrene derivative 
(125 mg.) isolated by ether extraction was heated with 190 mg. of selenium 
at 300-340° for 24 hours. The dehydrogenation mixture was extracted 
with ether and the crude hydrocarbon which was recovered was dissolved 
in petroleum ether. This solution was passed through a 12 mm. X 8 em. 
column of activated Al,O; (Merck and Company, Inc.). The column was 
developed in ultraviolet light with 1 per cent benzene in petroleum ether. 
The main fluorescing band was separately collected and yielded 100 mg. of 
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an oil which crystallized from ethanol. The yield of 1,3-dimethyl-7-iso- 
propylphenanthrene was 70 mg. It formed diamond-shaped plates which 
melted at 73-76°. 


CisH2o. Calculated, C 91.88, H 8.12; found, C 91.91, H 8.02 


The C,oHeo hydrocarbon from staphisine was indistinguishable from the 
synthetic substance. Although its melting point was 70-72°, the mixture 
of the two substances melted at 70—75°. 

The picrate of the synthetic product was obtained as yellow needles from 
ethanol and melted at 145-146°. 


Ci9H29-CgsH3O;N3. Calculated, C 62.87, H 4.86; found, C 62.94, H 4.60 


A melting point of the mixture of natural and synthetic picrates showed no 
depression (144—145°). 

The 1,3,5-trinitrobenzene derivatives of both the natural and synthetic 
hydrocarbons were prepared. After recrystallization from ethanol, yellow 
needles were obtained from both sources, melting point 159-160°. The 
melting point of a mixture of the two derivatives was 159-160°. Because 
of the small amount of material available, this derivative was not analyzed. 

Ethyl-(6-isopropyl-2-naphthyl) Ketone—Propionylchloride (37.5 cc.) was 
gradually added with cooling to a solution of 74 gm. of 2-isopropylnaphtha- 
lene and 137 gm. of aluminum chloride in 250 cc. of nitrobenzene. After 
2 days the mixture was decomposed with dilute HCl and the nitrobenzene 
was removed with steam. The residual oil was distilled at 1 mm. and 
yielded a crystalline distillate which was recrystallized from petroleum 
ether. The vield was 23 gm. and the melting point 72-74°. 


CHO. Calculated, Cc 84.90, H 8.02; found, Cc 85.23, H 8.16 


6-Isopropyl-2-naphthoic Acid; (a) From 2-(6-Isopropyl-2-naphthoyl)iso- 
butyric Acid—0.89 gm. of the isobutyric acid derivative was heated on the 
steam bath with a solution of 50 gm. of potassium ferricyanide and 11 gm. 
of KOH in 75 ee. of water. After 24 hours an additional 25 gm. of ferri- 
cyanide and 5 gm. of KOH were added to the mixture and the heating was 
continued for another day. The resulting solution was acidified and then 
extracted with ether. The residue which remained after evaporation of 
the ether was sublimed at 0.03 mm. from a bath at 130°. The sublimate 
on recrystallization from dilute methanol yielded 0.3 gm. of the 6-isopropyl- 
2-naphthoic acid, which melted at 183-185°. Haworth (6) reported for his 
substance a melting point of 182—183°, but no analysis was given. The 
analysis of our substance proved to be unsatisfactory until purification 
over the methyl ester was accomplished. The latter after saponification 
yielded the acid which then melted at 192-—194°. 


Cy4Hy,O2. Calculated, C 78.46, H 6.59; found, C 78.02, H 6.35 
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The methyl ester melted at 68-69° (Haworth reported 69-70°). 
CysH02. Calculated, C 78.90, H 7.07; found, C 78.90, H 7.09 


(b) From Ethyl-(6-methyl-2-naphthyl) Ketone—1 gm. of the ketone was 
refluxed for 2 days with a sodium hypochlorite solution which contained an 
equivalent of 1 gm. of chlorine. The sodium salt of V formed a floeculent 
mass of fine crystals as the oxidation proceeded. After collection, it was 
decomposed with acid and the liberated acid was purified as described 
above. 0.8 gm. was obtained, which melted at 190-191°. 


Found, C 78.48, H 6.62 


(-Hydroxyisopropylphthalic Acid —1 gm. of 1,2-dimethyl-4-isopropyl- 
benzene, prepared according to Klages (7), was dissolved in a mixture of 7 
ce. of pyridine and 2 ce. of water. The solution was stirred on the steam 
bath during the gradual addition (over 1 hour) of 5 gm. of potassium per- 
manganate. After reduction of all the reagent, the pyridine was removed 
with steam and the MnO, was filtered off. An additional 2 gm. of perman- 
ganate were then added and the oxidation was completed by heating for 
another hour. Excess reagent was destroyed with sodium bisulfite. The 
filtrate was treated with acid until only slightly basic and then concentrated 
in vacuo to afew ec. The concentrate was strongly acidified and extracted 
repeatedly with ether. The extract on concentration yielded a syrup which 
crystallized from a small volume of a mixture of acetone and ether. The 
vield was 0.7 gm. and the melting point 145-150°. After two recrystalliza- 
tions from ethyl acetate-petrolic ether mixture and three from water, the 
melting point remained constant at 168-170° after preliminary softening 
at 163°. When heated further, no resolidification was noted. The acid 
from the staphisine hydrocarbon melted at 170°, but on raising the tem- 
perature crystallization occurred with subsequent melting at 290-294° (4). 
The melting point of a mixture of the synthetic acid with the latter was 
162-165° and a small amount of the 290° melting material appeared in the 
melt. 

C,,HywOs. Caleulated, C 58.90, H 5.40; found, C 58.70, H 5.37 


The same acid was produced in comparable yields by the similar oxidation 
of 2-aceto-1-methyl-4-isopropylbenzene (8) and 1-methyl-4-isopropylben- 
zoie acid? (9), melting point 168-170°. 
Found, C 58.48, H 5.03 

0.5 gm. of 4-hydroxyisopropylphthalic acid, when heated in a sublima- 
tion apparatus, melted at 170° with immediate evolution of water. The 
hath temperature was slowly raised to 200°. An appreciable amount of 

? The latter substance was kindly supplied us by Dr. C. T. Lester, Emory Univer- 
sity. 
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substance sublimed only when the pressure was reduced to 0.05 mm. and 
the temperature was raised to 250°. 80 mg. of a resin were collected. 
When the temperature was raised to 310°, about 20 mg. of additional ma- 
terial were distilled. The major portion of the substance remained undis- 
tilled as an amber vitreous residue. 

Dehydration was also attempted by refluxing the phthalic acid with acetic 
anhydride, but again none of the substance with a melting point of 290° 
obtained from the alkaloid acid could be isolated. 

6-Hydroxyisopropyl-1 ,4-dthydroxyphthalazine—The methyl ester was pre- 
pared from 0.2 gm. of 4-hydroxyisopropylphthalic acid with diazomethane. 
The oil obtained was heated at 100° with 0.2 gm. of hydrazine hydrate and 
0.5 ec. of ethanol for 5 hours. The reaction product was dissolved in a 
small amount of water and carefully acidified with acetic acid. Two re- 
erystallizations from ethanol yielded 0.1 gm. of fine needles; m.p. 220-225°. 


Cy,Hi20;Nz. Calculated. C 59.97, H 5.50, N 12.73 
Found. « 60.08, “ 5.46, “ 12.86 


Trimellitic Acid from 4-Hydroxyisopropylphthalic Acid—0.1 gm. of 4- 
hydroxyisopropylphthalic acid was heated on the steam bath with 2 ce. 
of HNOs (sp. gr. 1.5) and a drop of 50 percent manganous nitrate solution 
and then evaporated to dryness. The residue was collected with HNO; 
and recrystallized twice from water. Because of its solubility in H,O, 
only 10 mg. of the recrystallized acid resulted. It melted at 220-235°. An 
authentic sample of trimellitie acid melted at 220-235° and a mixture of the 
two substances showed no depression. 

| ,2-Dimethyl-3-hydroxyisopropylbenzene—To a solution of the Grignard 
reagent, prepared from 11.5 gm. of 1 ,2-dimethyl-3-bromobenzene (12) and 
1.5 gm. of magnesium, 5.5 ce. of acetone in 25 cc. of ether were gradually 
added. After standing overnight, the mixture was decomposed with dilute 
HCl and the ether removed. 9 gm. of an oil resulted, which partially crys- 
tallized after standing at 0°. After two recrystallizations from petroleum 
ether, the yield of the carbinol was 1 gm. and the m.p. 67—-68°. 


Cy HO. Calculated. C 80.43, H 9.82 
Found. ** 80.35, “* 9.62 


3 ,3-Dimethyl-? -carboxyphthalide—0.16 gm. of 1,2-dimethyl-3-hydroxy- 
isopropylbenzene was oxidized with 0.65 gm. of permanganate, as described 
above for 1,2-dimethyl-4-isopropylbenzene. When the alkaline filtrate 
from the reaction mixture was acidified, an immediate crystalline precipitate 
appeared. After two recrystallizations from water, 50 mg. of substance 
were obtained which melted at 187-188°. 


CyHyO,. Calculated, C 64.05, H 4.89; found, C 63.77, H 4.80 
Neutralization equivalent. Calculated, 206; found, 212 
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3 gm. of a-naphthyldimethylearbinol (13) were oxidized with 14.5 gm. of 
permanganate. 0.5 gm. of a crude acid was obtained, which melted at 
120-135°. After four recrystallizations from an ethyl acetate-petroleum 
ether mixture, the melting point was gradually raised to 188-189° and, 
when mixed with the above substance, showed no depression. 

5-Hydroryisopropylisophthalic Acid—0.5 gm. of 5-isopropylisophthalic 
acid, prepared according to Doebner (14), was similarly oxidized with 0.6 
gm. of permanganate. 100 mg. of a crude acid resulted, from which 60 mg. 
of product were obtained after two recrystallizations from water; m.p. 300 
305°. 

CyH»Os. Calculated, C 58.90, H 5.40; found, C 58.70, H 5.30 
Neutralization equivalent. Calculated, 112; found, 113 


SUMMARY 


The hydrocarbon C,3H2o previously obtained on dehydrogenation of 
staphisine has been identified as 1 ,3-dimethyl-7-isopropylphenanthrene, 
and suggests the possible diterpenoid character of the original molecule. 

The formulation of staphisine has been revised to the possible dimolec- 
ular formula CeHeoON:2, which can be composed of two diterpenoid Cx 
bases which contain in addition N-methyl] groups. 

The results of synthetic studies contradict the interpretation originally 
suggested for the “hydroxyisopropylphthalic acid, CyH 20s,’ which had 
been obtained on oxidation of this CyyHe9 hydrocarbon from staphisine. 


All microanalyses were performed by Mr. D. Rigakos of this laboratory. 
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THE ISOLATION OF A*-ETIOCHOLENOL-3(a)-ONE-17 
FROM HUMAN URINE 


Sirs: 


The isolation from urine of normal and of diseased individuals of two 
steroids containing an oxygen atom at the 11 position, namely, androstane- 
diol-3(a@),11(8)-one-17 (I) and etiocholanol-3(a)-dione-11,17 (II), has 
been previously reported.! 

We have recently isolated A*-etiocholenol-3(a)-one-17 (III) from the 
neutral ketonic fraction of acid-hydrolyzed urine of a patient with cancer 
of the breast. Its presence has been established also in the urine of certain 
patients with cancer of the prostate, lymphatic leucemia, essential hyper- 
tension, and Cushing’s syndrome. It has not been detected in the individ- 
ual urine collections of twelve normal men and eight normal women, nor 
in large pools of urine from both sexes. It was present in the urine of one 
woman, aged 76 years, and of one man, aged 72 years, both of whom were 
apparently in good health. 

This compound after several recrystallizations from acetone melted at 
169-170°; [a]3? = +151° + 4.5° (2.25 mg. in 2.00 ml. of acetone). When 
mixed with an authentic sample of A°-etiocholenol-3(a)-one-17, obtained 
in the degradation of etiocholanol-3(a)-dione-11 ,17? (m.p. 171°, corrected; 
lalp = +155° + 2° (acetone)), the mixture melted at 168-170°. The 
two samples exhibited identical infra-red absorption spectra. When the 
compound isolated from urine was treated with perbenzoic acid in chloro- 
form solution at 0° for 48 hours, an epoxide was obtained which melted 
at 177-178.5°; [aj3? = +119° + 13° (1.51 mg. in 2.00 ml. of ethanol), 
and which was identical with the epoxide prepared in a similar fashion from 
the synthetic sample (m.p. 175-177°; [a]? = +123° + 6.5° (3.08 mg. in 
2.00 ml. of ethanol)). The melting point of a mixture of these two epoxides 
showed no depression and their infra-red absorption spectra were identical. 


' Mason, H. L., and Kepler, E. J., J. Biol. Chem., 161, 235 (1945). Lieberman, 
S., and Dobriner, K., J. Biol. Chem., 166, 773 (1946). 
* Sarett, L. H., J. Biol. Chem., 162, 619 (1946). 
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The A®-etiocholenol-3(a)-one-17 is probably produced from etiocholane- 
diol-3(@) ,11(8)-one-17 (IV) by dehydration during the acid hydrolysis of 
the urine, since it is known that the 11-8-hydroxyl group is removed easily 
by treatment with acids.* An attempt is under way to isolate IV. 

It is to be noted that except in two instances A*-etiocholenol-3(a@)-one-17 
has been obtained only from the urine of individuals with disease. Whereas 
androstanediol-3(a@),11(8)-one-17 is a normal metabolite, its diastereo- 
isomer, etiocholanol-3(a),11(8)-one-17, the probable precursor of IIT, 
presumably is present principally in the urine of individuals with disease, 
This fact suggests that IV is a product of deranged metabolism of adrenal 
cortical hormones or a metabolite of an abnormal precursor. 


Vemorial Hospital KONRAD DOBRINER 
Sloan-Kettering Institute for Cancer Research Seymour LIEBERMAN 
New York L. Haritron 
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C. P. Raoaps 
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Rahway, New Jersey 


Received for publication, April 1, 1947 


3 Shoppee, C. W., and Reichstein, T., Helv. chim. acta, 26, 1316 (1943) 
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RESULTS OF ADMINISTRATION OF ANTERIOR PITUITARY 
ADRENOCORTICOTROPIC HORMONE TO A NORMAL 
HUMAN BEING 


Sirs . 


We have administered anterior pituitary adrenocorticotropic hormone to 
a young woman maintained on a constant diet. The hormone was in- 
jected subcutaneously in five equal portions between 7.30 a.m. and 11.30 
p.m. The total daily dose was 25 mg. for 6 days, 50 mg. for 6 days, and 
100 mg. for 113 days. During the first and second periods the only signifi- 
cant change was in the excretion of cortin-like substances; this excretion 
increased from an average control value of 0.180 to 0.255 and 0.387 mg. 
per day, respectively. When 100 mg. were administered daily, the cortin- 
like substances excreted in the urine increased to 1.44 mg. on the 10th day 
and the 17-ketosteroids excreted in the urine increased from an average 
control value of 4.8 to 15.5 mg. on the 10th and 11th days. The values 
for the 17-ketosteroids and cortin-like substances excreted in the urine 
quickly reverted to control levels after withdrawal of the hormone. 

There were also a slightly increased excretion of nitrogen, a decreased 
excretion of creatine, and a pronounced decrease in hemoglobin. There 
were no demonstrable changes in the excretion of sodium, potassium, 
chloride, phosphorus, and creatinine. Pregnanediol could not be demon- 
strated in the urine in the first part of the menstrual cycle, but it was present 
in the latter part of the cycle. The experimental period did not differ from 
the control period in this respect. There were no significant changes in 
the excretion of estrogens and gonadotropic hormone. The content of 
sodium, potassium, chloride, ascorbic acid, protein, non-protein nitrogen, 
and inorganic phosphorus in the blood remained essentially unchanged. 
Changes in the lymphocyte count, carbon dioxide-combining power, and 
cholesterol were of questionable significance. The electrophoretic pattern 
of the plasma remained unchanged during the entire period of study, and 
there was no change in the alkaline phosphatase activity. 

Isolation of the urinary steroids did not reveal any qualitative change in 
pattern. Androsterone, etiocholan-3(a)-ol-17-one, pregnane-3(a) ,20(a)- 
diol, and cholesterol were isolated from urine collected before and during 
administration of the hormone. A small amount of a ketone melting be- 
tween 238-240° was isolated from the control urine (72 days). The hope 
that 11-hydroxyandrosterone, as a metabolite of adrenal steroids, would 
appear or be increased in the urine during administration of the hormone 
was not realized. 

The increased excretion of steroids in the urine is considered to be defi- 
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nite evidence of stimulation of the adrenal cortex by the pituitary hor- 
mone. The increase in the excretion of nitrogen during the last period 
was probably significant, but was not great enough, in comparison with 
some of the control data, to be given much weight. The significance of 
the decrease in the excretion of creatine and of the decrease in hemoglobin 
is not evident. The latter condition is the opposite of what is encountered 
in cases of Cushing’s syndrome, in which there is often a demonstrable 
hyperfunctioning lesion of the adrenal cortex. 


Haroip L. Mason 
MARSCHELLE H. Power 
E. H. RyNEARSON 
L. C. CIARAMELLI 


Mayo Clinic 
Rochester, Minnesota 
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ENZYMATIC HYDROLYSIS OF ACETYLDEHYDROALANINE 


Sirs: 


Glycyldehydroalanine (glycyl-a-aminoacrylic acid) is rapidly hydrolyzed 
to glycine, ammonia, and pyruvic acid in aqueous extracts of all animal 
tissues studied, in all species investigated.’:? Chloroacetyldehydro- 
alanine, on the other hand, is hydrolyzed with appreciable velocity in 
extracts only of kidney, liver, and pancreas. In the case of both substrates, 
ammonia and pyruvic acid appear in equivalent amounts.! 

A still simpler representative of this class of compounds, namely acetylde- 
hydroalanine (N-acetyl-a-aminoacrylic acid), is hydrolyzed in aqueous 


Ammonia and Pyruvic Acid Derived from Acetyldehydroalanine in Aqueous Extracts of 
Rat Tissues* 





Molar ratio of ammonia 











Tissuet Ammonia} Pyruvic acidt | to pyruvic acid 
ae = — EE ! — | 
| 
Kidney........ 178 1278 0.9 
ce | 64 | 462 0.9 











* The digests consisted in 1 cc. of aqueous extract equivalent to 333 mg. of tissue 
plus 2 cc. of 0.2 m borate buffer at pH 8.15, plus 1 cc. of either water or 0.025 m peptide. 
The peptide solution was neutralized with dilute NaOH before use and was stable 
for many weeks. The initial and final pH of the digests was close to 8.0. Tissue 
extracts were dialyzed 4 hours against distilled water at 5° before use. The incuba- 
tion period was 4 hours at 37°. Values corrected for extract blanks. Results 


negative with heated extracts. 
t Extracts of spleen, brain, pancreas, and muscle showed little or no activity. 
t In terms of micrograms. Theory for ammonia 350; for pyruvic acid 2200. 


extracts of rat kidney and liver (see the table). As in the case of the gly- 
cyl and chloroacetyl compounds, the nearly equivalent amounts of am- 
monia and pyruvic acid which appear, combined with the fact that glycine 
amide is split very slowly and chloroacetamide and acetamide not at all, 
indicate that the dehydropeptides are hydrolyzed almost entirely at the 
peptide bond. Under conditions whereby acetyldehydroalanine is readily 
hydrolyzed in kidney extracts, acetyldehydrophenylalanine (N-acetyl-a- 
aminocinnamic acid) is not affected. 

Acetyldehydroalanine in aqueous solution, like other dehydropeptides, 
gives a characteristic absorption spectrum in the ultraviolet.2 When 


1 Greenstein, J. P., and Leuthardt, F. M., J. Nat. Cancer Inst., 6, 209, 223, 249 
(1945); 6, 197 (1946). 
* Carter, C. E., and Greenstein, J. P., J. Nat. Cancer Inst., 7, 51 (1946). 
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dehydropeptidase activity of rat kidney extracts is measured spectro- 
photometrically by the rate of decrease in absorption of the digest at 2500 
A, and expressed in terms of mg. X 10~? of substrate split per hour per mg. 
of total N in the extract,? the values for each of the substrates are, respec- 
tively, glycyldehydroalanine 820, chloroacetyldehydroalanine 53, and 
acetyldehydroalanine 13. Compared with their saturated analogues, the 
susceptibility of the dehydropeptides to intracellular hydrolysis is consider- 
able, and suggests that this class of unsaturated compounds may play an 
important réle in certain phases of protein metabolism. 


National Cancer Institute Jose M. GoNncALvVEs 
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THE VACCENIC ACID CONTENT OF VARIOUS FATS AND 
OILS* 


Sirs: 


Vaccenic acid (4-11, 12-elaidie acid) has recently been reported by Boer, 
Jansen, and Kentie' to possess growth-stimulating properties. These 
authors found that the growth rate of rats was more rapid when butter 
fat was in the ration than when rape-seed oil was used. The addition of 
vaccenic acid to the latter diet at a level of 0.1 per cent of the total ration 
caused the rate of growth to approximate that of the animals fed butter 
fat. From this it was concluded that this acid was one of the compounds in 
butter fat responsible for its superior nutritive value as compared with 
vegetable oils. 





Per cent vaccenic acid 











Fat a eee eae na aA ee, He 
Bertram? Grossfeld and Simmer®:*| Present study 
Butter fat 0.01 1.13-4.69 0.50 -0.70 
Lard 0.20 0.071-0.127 
Mutton fat 0.96 0.16 -0.195 
Margarine 0.27 1.49 
Beef fat 0.16 -0.213 
Corn oil 0.0 
Cottonseed oil 0.0 
Soy bean oil 0.0 
Coconut ai 0.0 
Rat fat 
* fed butter fat 0.08 
** corn oil 0.0 
“ = + wee 
cenic acid | Trace 


* These values were obtained by calculation from the iodine number after a lead 
soap separation. 2.5 gm. samples were used. We have carried out similar analyses; 
however, the results have always been high, especially in the case of the vegetable 


oils. 

Since the data in the literature on the occurrence of vaccenic acid are 
entirely restricted to fats of animal origin, various animal fats and vegetable 
oils were analyzed for this compound according to the method of Bertram.’ 


* This work was aided by grants from the National Dairy Council, Chicago, in 
behalf of the American Dairy Association, by the Evaporated Milk Association, 
Chicago, and the Wisconsin Alumni Research Foundation. 

‘Boer, J., Jansen, B. C. P., and Kentie, A., Nature, 168, 201 (1946). 

* Bertram, S. H., Biochem. Z., 197, 433 (1928). 

*Grossfeld, J., and Simmer, A., Z. Untersuch. Lebensmittel, 69, 237 (1930). 
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Briefly the method used consisted of separating the fatty acids obtained 
from a 500 gm. sample of the oil by means of the lead soap procedure in 
order to remove most of the unsaturated acids other than vaccenic. The 
solid fraction was converted to the free acids, and most of the saturated 
acids were then removed by use of the mercury salt separation. After 
removal of the mercury, the vaccenic acid was recrystallized twice from 
acetone. It melted at 34.5-36° (Bertram reports 39°) and had an iodine 
number of 83.2 (caleulated 89.9). The results are given in the table to- 
gether with those reported by other investigators. Also included in the 
table are data secured on the pooled fat of rats fed a synthetic diet plus 
butter fat, as well as from rats fed a synthetic diet plus corn oil and the latter 
diet plus vaccenic acid. 

Because of solubility influences of the soluble lead soaps and the possible 
occurrence of unsaturated acids other than vaccenic which might possess 
chemical properties similar to the saturated acids, the results given are not 
necessarily quantitative. Traces of vaccenic acid would probably escape 
detection by this procedure. It is of interest that the highest amounts of 
vaecenic acid have been found in fats obtained from ruminants. 


Department of Biochemistry R. P. Geyer 


College of Agriculture H. Natu 

University of Wisconsin V. H. Bark 
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OLEIC ACID AS A GROWTH FACTOR FOR VARIOUS 
LACTOBACILLI 


Sirs: 


In a further investigation of the nutritional requirements of the lactic 
acid bacteria, it was noted that certain organisms failed to grow on a modi- 
fied Tepley and Elvehjem medium.’ The modified medium contained no 
alanine or norited peptone; the sodium citrate was replaced with sodium 
acetate and the medium supplemented with 10 y of inositol, 10 y of choline, 
2 y of pimelic acid, 100 y of thymine, 10 y of thiamine, 11 y of p-amino- 
benzoic acid, and 0.2 y of pteroylglutamic acid per 10 ml. of medium. 


Requirement of Various Lactobacilli for Sodium Oleate 


The results are expressed in ml. of 0.1 N acid. 


Basal + sodium Basal + 75 mg. yeast extract + 
‘ oleate sodium oleate (y per 10 ml.) 
Organism Incubation - j ee ee 

period } ; 
None | 1007 BF | 10 = 50/100 | S00 | 4000 

| 

L. acidophilus, 332 6 days 1.0 1.4 
18 hrs. | 2.8 | 3.5 9.7 10.4) 10.2 

S32 6 days 1.0 0.8 
75 hrs. 3.8 | 5.6. 8.2) 7.2) 9.0 

plantarum, 4940 6 days 1.1 0.5 
71 hrs. | 2.8 | 3.7 | 6.5) 8.0 5.1) 0.3 

* acidophilus, 4357 6days | 0.6 0.4 
{8 hrs. 3.4/4.1) 6.3 8.9) 10.2 10.5 

* letchmannii, 4797 6 days | 0.7 0.7 

20 hrs. 1.9/5.0;,9.2| 9.4) 3.2) 0.8 

, acidophilus, $355 6 days 0.6 0.5 
48 hrs. 4.2} 5.1/6.0! 7.1) 9.2! 8.0 

© delbriickii, 9649 6days 0.6 0.5 | 
48 hrs. | | | 5.5 | 8.2 | 9.9 | 10.0 10.8) 10.0 


When the medium was further fortified with 75 mg. per tube of yeast 
extract (Difco), slight growth was obtained on prolonged incubation. On 
serial subculture the growth of Lactobacillus leichmannii and Lactobacillus 
delbriickii decreased to maximum, indicating that adaptation to the medium 
was taking place. With all other cultures only the slight growth noted in 
the first transfer persisted in the serial transplants. The particular lot of 
yeast extract was chosen because of its content of strepogenin. The 
amount of strepogenin present in 75 mg. of the yeast extract was equiv- 
alent to 13 times the amount necessary to produce half maximum stimula- 


'Tepley, L. J., and Elvehjem, C. A., J. Biol. Chem., 167, 303 (1945). 
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tion of Lactobacillus casei under the defined conditions of assaying for 
strepogenin.? 

The addition of sodium oleate to the medium containing yeast extract 
allowed for maximum growth. The results are presented in the table. 
The amount of sodium oleate necessary to produce maximum growth varies 
with each organism. Lactobacillus plantarum and Lactobacillus leichmannii 
exhibited toxicity to increasing amounts of sodium oleate. 

To demonstrate the stimulatory nature of sodium oleate for Lactobacillus 
leichmannii, the assay must be read after an incubation period of from 16 
to 20 hours. 

The various lactobacilli listed in the table can be successfully subeul- 
tured on this medium. 


B. L. Hurcuines 
E. BoGGtano 


Lederle Laboratories Division 
American Cyanamid Company 
Pearl River, New York 
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? Sprince, H., and Woolley, D. W., J. Exp. Med., 80, 213 (1944). 
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A FACTOR IN PLASMA WHICH ACCELERATES THE 
ACTIVATION OF PROTHROMBIN* 


Sirs: 


The explanation for differences in activation rates’ between plasma pro- 
thrombin and purified prothrombin fractions is furnished by the discovery 
of an accelerator factor in plasma which, when mixed with plasma pro- 
thrombin fractions, permits rapid activation of prothrombin by thrombo- 
plastin and calcium ions. The accelerator is adsorbed on Mg(OH)p, is 
water-soluble, is less soluble in concentrated (NH4)2SO, solution than pro- 
thrombin, and can be obtained from bovine plasma after storage at 8° for 
18 days. The factor is not fibrinolysin. It is not one of the hypothetic 
prothrombins postulated by Quick. 

To obtain the accelerator, prothrombin Product 7 is first prepared 
exactly as deseribed.2 Next, at 0°, saturated (NH,4)2SO, is added. At 30 
per cent of saturation the precipitate is discarded. The supernatant fluid 
is brought to 40 per cent of saturation. The precipitate is washed several 
times with cold 40 per cent saturated (NH,4)2SO,, dissolved, dialyzed against 
water, and dried from the frozen state. To test the activity of this fraction 
the two-stage method of prothrombin analysis was used.* Some representa- 
tive data are presented (see the table). 





Minimum time for maxi- 


Plasma fractions mum thrombin formation 
Prothrombin 470314 10 min. 
Same + accelerator fraction | es 
Prothrombin 470324 , ee 
Same + accelerator fraction 7 ¢ 
Prothrombin 470325 | 3 hrs. 
| 10 min. 


Same + accelerator fraction 





These facts provide direct evidence that changes in the activation rate 
of prothrombin are a part of the physiological mechanism concerned in 
blood clotting. Furthermore, variations in accelerator concentration can 


* Aided by a grant from the National Institute of Health. 

! Seegers, W. H., Brinkhous, K. M., Smith, H. P., and Warner, E. D., J. Biol. 
Chem., 126, 91 (1938). 

* Quick, A. J., Am. J. Physiol., 140, 212 (1943). 

*Seegers, W. H., Loomis, E. C., and Vandenbelt, J. M., Arch. Biochem., 6, 85 


(1945). 
‘Warner, E. D., Brinkhous, K. M., and Smith, H. P., Am. J. Physiol., 114, 667 


(1936). 


231 














232 LETTERS TO THE EDITORS 


cause a serious error in the one-stage method of analysis for prothrombin, 
Later we hope to discuss the relationship of our work to that of Fantl and 
Nance.® 
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Wayne University College of Medicine M. Mason Guest 
Detroit Water H. Seecers 
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FIXATION OF CARBON DIOXIDE BY A PLANT OXALACETATE 
CARBOXYLASE* 


Sirs: 

The presence of an oxalacetate carboxylase in parsley root has been re- 
ported previously from this laboratory.'| The reaction catalyzed by this 
system has been found to be reversible, since it fixes C“O, into oxalacetate 
during the decarboxylation of the latter in the presence of NaHC™Q,. 

The enzyme was prepared essentially as previously reported! and com- 
pletely freed from pyruvic carboxylase by prolonged dialysis. The prep- 
aration was lyophilized and made up to the desired strength by dissolving 
in water. The decarboxylation reaction, measured in 0.1 M acetate buffer, 
pH 5.0, in the presence of 0.01 mM MnCk, follows first order kinetics. The 
difference between the first order rate constants, k (k = (2.303/t) log 
(C)/C)), observed with active and with heat-inactivated enzyme, divided 
by mg. of enzyme preparation, may be used as a measure of activity. For 
the enzyme employed in the experiments reported, & = 0.075 min.~' per 
mg. 

The exchange experiments with oxalacetate were conducted by the pro- 
cedures recently described.2. The initial reaction mixture contained 1.2 
x 10-* m phosphate buffer, pH 6.0, 10-* m MnCh, 4.25 X 107? m oxalace- 
tate, 3.6 X 10-* m NaHCO; containing C™, and 180 mg. of enzyme in a 
total volume of 10 ml. The reaction was incubated at 30° for 8 minutes, 
at which time approximately half of the oxalacetate had been decarbox- 
ylated. The activity of the 8-carboxyl carbon liberated by aniline citrate 
was at this time found to be 0.49 + 0.02 per cent of the activity of the 
NaHCO; cf the medium at the end of the incubation period. The control 
run with the heat-inactivated enzyme showed no detectable fixation after 
30 minutes incubation. 

The enzyme preparation used in these experiments contains a malic 
dehydrogenase active with triphosphopyridine nucleotide. This activity 
can be demonstrated by measuring the reduction of 2,6-dichlorophenol 
indophenol. It can also be detected by measuring the reduction of cyto- 
chrome c in the presence of cytochrome reductase and TPN. In a typical 
experiment of the latter type, the reaction mixture initially contained 3.7 
X 10-* m glycylglycine, pH 7.4, 3.7 K 10-*m MnClo, 1.65 X 10-°m TPN, 

* Aided in part by grants from the John and Mary R. Markle Foundation and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

' Vennesland, B., and Felsher, R. Z., Arch. Biochem., 11, 279 (1946). 


? Wood, H. G., Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem., 169, 153 
(1945). Utter, M. F., and Wood H. G., J. Biol. Chem., 164, 455 (1946). 
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500 y of cytochrome reductase, 4.59 X 10-5 M cytochrome c¢, 5.5 X 10~ 4 
L-malie acid, and 1.5 mg. of enzyme in a total volume of 1.35 ml. At 
26°, the specific reaction rate constant for the first order reduction (per mg. 
of enzyme used) was 0.038 min.~! corrected for the control without malie 
acid, 

In accordance with expectations, the parsley root preparation was found 
to be capable of fixing CO. in the malate fraction when pyruvate and 


malate were incubated with C“O,. There is no oxidation-reduction be- 


tween pyruvate and malate, since the preparation contains no lactic de- 
hydrogenase. Fumarase is likewise absent. 

These results suggest that the synthesis of the plant dicarboxylic acids 
may occur by way of an initial Wood-Werkman reaction, as has been found 
to be the ease with bacteria and animal tissues.’ 
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THE PORPHYRIN PRODUCED BY DIPHTHERIA BACILLUS 


Sirs: 

A. M. Pappenheimer, Jr., has recently described the effect of iron on 
toxin and porphyrin production by Corynebacterium diphtheriae. He 
assumed that the porphyrin produced by this organism was hematopor- 
phyrin but recognized the need for final identification of the diphtherial 
porphyrin by isolation analysis. 

We have isolated the porphyrin produced by the same strain of organism 
grown on the same medium. In ether its absorption maxima, as de- 
termined by a Hartridge reversion spectroscope, are at 622.5, 574.1, 528.9, 
and 496.9 (order of intensity IV > I > II > II). In 0.15 n HCl, the 
maxima were at 590.1 and 546.8 (II > I). The methyl ester of this por- 
phyrin was readily soluble in chloroform and in benzene, and moderately 
soluble in methyl! aleohol and in anhydrous ether. From this last solvent, 
the ester crystallized in thick truncated (oblate) needles with a melting 
point of 155-157° and remelted at 181-182°. Its spectral absorption curve 
determined with a Hilger photoelectric spectrophotometer was identical 
with that of coproporphyrin I (a pure specimen of coproporphyrin IIT was 
not available). The methyl ester yielded a copper complex melting at 
218° and with absorption maxima in chloroform at 563 and 526 (I > IT). 
Chromatography of the methyl ester in benzene through CaCO; or alumina 
revealed that the material behaved as an entity except for two small zones 
at the top of the column. These zones have not yet been identified. 

These properties, especially the phenomenon of the double melting point, 
leave little doubt that the porphyrin produced by Corynebacterium diph- 
theriae is mainly coproporphyrin ITI. 

We have isolated yields as high as 4 mg. of pure coproporphyrin III 
methyl ester per liter of diphtherial culture filtrate. These filtrates con- 
stitute, therefore, an important and hitherto unexplored source of copro- 
porphyrin III, and details of a method whereby this material can be ob- 
tained as a by-product in the large scale production of purified diphtheria 
toxoid will be published shortly. 
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